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Introduction

This report describes progress made in the second year of a four year project entitled
"Role of seprase in breast cancer invasion". Seprase is a serine integral membrane
protease (1) first identified in human melanoma cells (2) and chicken embryo fibroblasts
transformed by Rous sarcoma virus (3). In 1997, a cDNA encoding human melanoma
seprase was cloned and sequenced by others (1). The sequence reveals that seprase
is a member of a family serine integral membrane proteases that includes fibroblast
activation protein-o. (FAP-a) (4), and dipeptidyl peptidase IV (DPPIV) (5, 6). Seprase is
known to degrade gelatin (1-3) and is thought to facilitate erosion of the extracellular
matrix thereby promoting invasion of malignant cells. Supporting this concept is the
association of seprase overexpression with the invasive phenotype and its
concentration on the invadopodial membranes of human melanoma cells (2, 7).
Moreover, accumulation of seprase on the surface of invadopodial membranes is
stimulated by ligation of o4, integrin on the melanoma cell surface (8). The localization
of seprase to invadopodia supports a role for seprase in degrading extracellular matrix
and facilitating tumor cell invasion because invadopodia are specialized protrusions of
the plasma membranes of invasive cells that contact and degrade extracellular matrix
(9, 10). Invadopodia can cause proteolysis of intact fibroblast extracellular matrices,
type | collagen, type IV collagen, laminin, and fibronectin (3). Several malignant cell
types are known to use invadopodia to degrade extracellular matrix including, human
melanoma cells (2, 7, 10), Rous sarcoma virus-transformed chicken embryo fibroblasts
(3, 9, 11) and human breast cancer cells (12-14). The fact that malignant human breast
cells degrade extracellular matrix with invadopodia suggested that seprase might have
a role in promoting the invasive spread of human breast cancer.

Seprase is overexpressed by invasive human breast cancer (15). This conclusion is
based on three lines of evidence that have been either published or submitted for
publication as the direct result of the funding of this project. Specifically, a seprase-
specific polyclonal antibody produced using affinity-purified chicken embryo seprase
intensely labels malignant breast cells but not normal breast epithelia or stromal cells
(15). In addition, seprase activity was detected by zymography in extracts of human
breast cancer tumors and the seprase activity was five times greater than that of
chicken embryo seprase as determined using a *H-gelatin substrate (16). Finally,
seprase activity was detected by zymography in extracts of human breast cancer cell
lines but not in extracts of a normal human breast cell line. Thus we believe that
seprase has an important role in breast cancer cell invasion. To investigate the role of
seprase in breast cancer cell invasion we proposed these specific aims:

1) Identify and characterize a full-length cDNA for human breast cancer seprase.
2) Investigate the contribution of seprase to the metastatic potential of breast cells.
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Progress made towards completing these objectives is described in the body of this
report in relation to the statement of work submitted with the original proposal. Our
research suggests that the seprase species identified in chicken embryos and human
breast cancers are related to but distinct from the seprase identified in human
melanoma cells. The major areas of progress towards the first specific objective
include our identification, isolation and characterization of two chicken embryo seprase-
specific cDNA clones using a reverse transcriptase-polymerase chain reaction (RT-
PCR) strategy. In addition, an apparently full length seprase cDNA has been amplified
by RT-PCR from human breast cancer cell mRNA. In terms of monoclonal antibody
production, further analysis of the antibodies elicited against partially purified seprase
revealed that we were unsuccessful in our first attempt to produce seprase-specific
monoclonal antibodies. A promising new approach for producing monoclonal
antibodies has been taken that takes advantage of the nucleic acid sequence analysis
of the chicken embryo seprase cDNAs that we have identified and characterized.

Three papers directly related to and supported by this project have been produced this
year. Reprint, preprint, and manuscript are provided in the appendix

Kelly, T., S. Kechelava, T.L. Rozypal, KW. West, and S. Korourian (1998). Seprase, a
membrane-bound protease, is overexpressed by invasive ductal carcinoma cells of
human breast cancers. Mod. Pathol. 11: 855-863.

Kelly, T., Y. Yan, R.L. Osborne, A.B. Athota, T.L. Rozypal, J.C. Colclasure, and W.S.
Chu (1998). Proteolysis of extracellular matrix by invadopodia facilitates human breast
cancer cell invasion and is mediated by matrix metalloproteinases. Clin. Exp.
Metastasis. In press.

Kelly, T. (1998). Evaluation of seprase activity. Submitted.
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Personnel change:

Varsha Kaushal, Ph.D., Research Assistant Professor left the laboratory effective July,
1, 1998. Dr. Kaushal is responsible for the cloning the chicken embryo cDNAs
described in this report. She also performed the nucleic acid sequencing and sequence
analyses of the chicken embryo cDNAs. Dr. Kaushal produced the chicken embryo
cDNA libraries described last year. Dr. Kaushal's salary was not supported by the DoD
monies.

Other personnel:

Hailing (Helen) Zhang, is a graduate student in the Department of Pathology who
continues to lead the effort to produce monoclonal antibodies directed against seprase.
Ms. Zhang’s stipend is supported completely by the Department of Pathology at UAMS.

Tricia Rozypal is a Research Technologist I who devotes 100 % of her effort towards
this project. Ms. Rozypal is leading the seprase cDNA cloning effort and has
successfully amplified an apparently full length cDNA for seprase from human breast
cancer cells by RT-PCR. Ms. Rozypal’s entire salary and benefits are provided by the
DoD monies.

Thomas Kelly, Ph.D., is the Pl on the project and continues to devote 60 % of his time
towards data analysis and interpretation, deciding experimental strategies, writing and
publishing the findings, and performing experiments pertinent to this project. The DoD
monies provide 60 % of Dr. Kelly’s salary and fringe benefits.

Progress in year 2

SOW Task 1. Months 1-3: Produce cDNA expression library with mRNA purified from
human breast tumors.

As discussed in the previous report, we have already produced high quality chicken
embryo cDNA expression libraries. Obtaining quality mRNA from human tumor
samples has remained a persistent problem. Nevertheless, we believe immediate
access to a limited number of human breast tumors will occur shortly. In the mean
time, we have focused our efforts on RT-PCR cloning of the human breast cancer
seprase cDNA from the breast cancer cell line MDA-MB-436 as described below.

SOW Task 2. Months 1-36: Produce additional seprase-specific probes for screening
the cDNA expression library.

7




I) Oligonucleotide probes based on seprase, fibroblast activating protein-o. (FAP-
o) and dipeptidyl peptidase IV (DPPIV) sequences. Last year, another group
produced a 2.4 kb full length seprase cDNA from LOX mRNA using FAP-a
oligonucleotide primers and RT-PCR (1, 17). This work has shown that the
proteolytically active 170 kDa form of human melanoma seprase is a dimer of the 97
kDa subunit (1).

The seprase that is expressed by its chicken embryos and is overexpressed by breast
cancer cells in human tumors may represent a novel member(s) of the seprase, FAP-a,
DPPIV family of integral membrane proteases. Supporting this notion is the fact that
FAP-a oligonucleotide primers failed to amplify a cDNA from chicken embryo RNA.

Late last year, an alternative RT-PCR based cloning strategy was initiated after
comparing the sequences of other seprase-family proteases. As reported last year, RT-
PCR with degenerate oligonucleotide primers based on conserved sequences in the
catalytic sites of these enzymes successfully amplified a 250 bp cDNA from chicken
embryo mRNA. The 250 bp cDNA was subcloned and sequenced. Sequence analysis
revealed 85 % homology to known serine integral membrane proteases, including
seprase.

This year we amplified, cloned and characterized 780 bp chicken embryo seprase
partial cDNA. Specific oligonucleotide primers were produced for the regions for which
we had precise nucleic acid sequence information (3’ end) obtained from the 250 bp
catalytic domain cDNA amplified earlier. Degenerate oligonucleotide primers were
produced for conserved regions further out towards the 5’ end of the seprase cDNA. In
this way we were able to amplify by RT-PCR, clone, and characterize the 780 bp cDNA
that encodes most of the catalytic domain of chicken embryo seprase (appendix, Fig.
1). This 780 bp cDNA was used to probe the AZAP chicken embryo cDNA library. A
1.5 kb cDNA was identified, cloned and characterized. This cDNA contains the entire
780 bp nucleic acid sequence, an additional 220 bp extension of the 5’ end of the
coding region, and the complete catalytic domain as well as approximately 500 bp of
the 3’ untranslated region. The 1.5 kb cDNA encodes the C-terminal 341 amino acids of
chicken embryo seprase (see deduced amino acid sequence data, appendix, Fig. 2).
Thus far, a full length chicken embryo seprase cDNA has not been identified by probing
the chicken embryo AZAP cDNA library. Currently we are employing a RACE, PCR
strategy to extend the 5’ end of the seprase cDNA using large oligonucleotide primers
for the 5’-most region that we have sequenced.

These seprase-specific partial cDNAs from chicken embryos will also be used as
probes to investigate expression of seprase by normal and malignant cells. in addition,
these probes will be used to investigate the expression of seprase by control
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transfectants and seprase-transfected cells. In future experiments, these probes will be
useful to investigate the mechanism of seprase overexpression in human breast
cancers.

Il) Production of monoclonal antibodies directed against seprase.

Last year we reported that two hybridoma subclones 56.E6 and 8D2.E2 were identified
that precipitated seprase activity in more than one immunoprecipitation assay. At that
time we believed we had produced antibodies to seprase. This was an overly optimistic
conclusion. Though reproduced in a few separate trials early on, the precipitation of
seprase activity by these antibodies was always weak and never strong or convincing.
Upon expanding these clones, the ability to precipitate seprase activity was completely
lost. The final summary of this fusion is provided in the appendix (Fig. 3).

A major obstacle towards obtaining monoclonal antibodies to seprase has been the
lack of pure antigen to inject. Strategies using partially purified native chicken embryo
seprase of increasing purity have been unsuccessful three different times (twice before
this project and once last year). Thus, we have switched our effort from using partially
purified seprase to using pure seprase-specific peptides as the antigen.

Leading this effort is Hai Ling Zhang, a graduate student in the Department of
Pathology.

Choosing peptides for use as antigens: We determined the amino acid sequence of
the C-terminal 341 amino acids for chicken embryo seprase using the 1.5 kb seprase
specific cDNA that we isolated and characterized (Appendix, Fig. 2). This stretch
corresponds to amino acids 419-760 of human melanoma seprase and it is exposed to
the extracellular environment (Appendix, Fig. 1A). To identify regions likely to elicit an
immune response, the amino acid sequence we determined for chicken embryo
seprase was analyzed using the Mac Vector 3.5 version 6.0 software (kindly supervised
by Dr. Xuming Zhang, Department of Microbiology & iImmunology, UAMS). This
analysis predicted the hydrophilicity (Kyte-Doolittle), surface probability, flexibility,
antigenic index, amphiphilic helix, amphiphilic sheet, and secondary structure of this
341 amino acid polypeptide (Appendix Figs. 4 & 5). Based on this information, two
regions of the seprase polypeptide with high antigenic index were identified and
selected for synthesis. Peptide 1 (LRKERCQYYTARFSERSK) is 18 amino acids in
length and corresponds to amino acids 443-461 of human melanoma seprase (17)
(Appendix, Figs. 1A, 6 & 7). Peptide 2 (YGGPCSQNVKHTFS) is 14 amino acids long
and corresponds to amino acids 543-556 of human melanoma seprase (17) see
(Appendix, Figs. 1A, 8 & 9). These peptides were synthesized and purified by Bio

Synthesis, Inc.
]




Immunization of mice with seprase specific peptides. Peptides to be used as
immunogens were covalently coupled to keyhole limpet hemocyanin (KLH) with
glutaraldehyde as described by others (18). Female Balb ¢ mice were injected IP with
KLH-coupled peptide 1 (3 mice) or KLH-coupled peptide 2 (4 mice) emulsified 1:1 in
Freund’s complete adjuvant. Approximately 10 ug of peptide was injected into each
mouse. At 3 weeks after the initial injection, mice were boosted with 10 pg of peptide
by IP injections of the appropriate KLH-coupled peptide emulsified 1:1 in Freund’s
incomplete adjuvant. Ten days after the boost, approximately 200 nul of sera was
collected from each mouse for testing by enzyme linked imunosorbent assay (ELISA)
and immunoblotting. Two additional boosts were administered three weeks apart as
described. Ten days following each boost, 200 ul of sera was collected and tested.

ELISA procedure and results: An ELISA for peptides 1 and 2 has been established
to detect those hybridomas secreting antibody directed against these seprase specific
peptides (Appendix, Figs. 10, 11 & 12). The ELISA will be useful as a sensitive and
rapid, high through-put initial screen of hybridoma supernatants. Sera from bleeds of
mice immunized with KLH-coupled seprase-specific peptides have been used to
establish the ELISA as well as to identify mice to be sacrificed for monoclonal antibody
production. Results from these experiments reveal that the ELISA is sensitive and
specific for seprase peptides 1 and 2 (Appendix, Figs. 10, 11 & 12).

The ELISAs were performed as described in this section. In the first example shown
each row (12 wells across) of a 96-well ELISA plate was coated with serial dilutions (1:5
to 1:10,240) of peptide overnight at 4°C (Appendix, Figs. 10 & 11). The 1:5 dilution was
in column “1” and the 1:10.240 dilution in column 12. In the second example, wells in
rows A, B, E & F are coated with the 1:200 dilution of appropriate peptide but wells in
rows C,D, G & H are with a 1:500 dilution of the appropriate peptide (Appendix, Fig.
12). After the overnight incubation, the peptide solutions were removed and discarded.
The wells were washed three times with phosphate buffered saline (PBS) containing
0.1% Tween-20. Free protein-binding sites were blocked by incubating the wells at 22°
C for 2 h with 1 % bovine serum albumin (BSA) in PBS. The blocking solution was
discarded and the wells washed three times with PBS, 0.1 % Tween-20. Duplicate
rows were treated with identical dilutions of the antisera to be tested (for example 1:50
or 1:100). The antisera (100ul/well) were incubated with the immobilized peptides for 2
h at 22°C. The antisera were discarded and the wells washed three times with PBS,
0.1% Tween-20. Goat anti-mouse IgG coupled to alkaline phosphatase was diluted to
1:2000, added to each well (100ul/well), and incubated for 2 h at 22°C. This secondary
antibody was discarded and the wells washed three times with PBS, 0.1% Tween-20.
The colorimetric substrate (1 mg/ml p-nitrophenyl phosphate in 1 M diethanolamine, 0.5
mM MgCI2, pH 9.8) was added to each well (100pl/well) and incubated for 20 min at 22°
C. Reactions were stopped with 25 ul of 3N NaOH. The absorbances at 405 nm
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determined (Appendix, Figs. 11 & 12). Negative control wells include those i) coated
with BSA instead of peptide, ii) those coated with peptide but substituting normal mouse
serum instead of the experimental sera, and iii) those coated with peptide, incubated
with antisera, but not incubated with the secondary antibody (Fig. 12).

After the initial injection and first boost, all but one mouse produced a antisera with titer
against the peptide antigen that was detected by the ELISA. Currently all mice have
produced sera that recognizes the peptide used for immunization. However, only the
most recent bleeds of several, but not all of the mice, react weakly with protein bands at
approximately 160 kDa and 97 kDa on immunoblots of partially purified chicken embryo
seprase (not shown). Sera from these most promising mice are being tested for ability
to immunoprecipitate the gelatinase activity of seprase.

When the mice have titer to native seprase is sufficient to convincingly
immunoprecipitate seprase activity then they will be used for monoclonal antibody
production.

SOW Task 3. Months 3-18: Identify clones with full-length seprase cDNA inserts.

Human breast cancer seprase: We have amplified an approximately 2.4 kb cDNA by
RT-PCR with RNA isolated from human MDA-MB-436 invasive breast cancer cells (Fig.
13). This cDNA was amplified using the same FAP-a oligonucleotide primers (FAP1
and FAP6) used to clone seprase from human melanoma cells (1, 17). Thus, we
believe that the 2.4 kb cDNA amplicon is a full length cDNA encoding human breast
cancer seprase. In addition, an approximately 1 kb amplification product of unknown
identity was also produced with the seprase/ FAP-a specific primers (Fig. 13). To date
we have not cloned either the 2.4 kb or 1 kb cDNA amplicons. Because it is critical for
us to clone the full length cDNA as quickly as possible, we have arranged to get help
from Dr. Barbara L. Parsons at the National Center for Toxicological Research with
cloning this putative full length seprase cDNA. Dr. Parsons’ is an experienced
molecular biologist who was listed as a consultant on the original grant application. Ms.
Rozypal and Dr. Kelly will travel to Dr. Parsons’ laboratory to clone the 2.4 kb cDNA
RT-PCR amplicon encoding human breast cancer seprase.

Chicken embryo seprase: Partial cDNAs for chicken embryo seprase have been
cloned and characterized as described above. Obtaining the 5’ end of the cDNA has
been troublesome. We suspect that the nucleic acid sequence in this region of chicken
embryo seprase which encodes the cell-proximal carbohydrate rich domain, membrane
spanning domain, and cytoplasmic domain is more divergent from the published
seprase sequence and possible GC rich regions that are difficult to denature and
amplify. Effort to obtain the full length chicken embryo cDNA will continue as described
earlier.

11




SOW Task 4 Months 4-24: Confirm full-length seprase cDNA clones.

This task has not been accomplished because we still lack a full length cDNA clone for
seprase. However, we are not far behind schedule because we have been able to
produce a putative full length cDNA for human breast cancer seprase by RT-PCR.
Thus, we anticipate cloning this cDNA will be relatively straight-forward and expect to it
to be completed by early November, 1998. Upon cloning the 2.4 kb RT-PCR
amplification product, we will immmediately proceed with confirming the clones by nucleic
acid sequencing, expression of the protein, and other procedures detailed in the original
proposal.

- SOW Task 5 Months 18-36: Produce stable transfectants of malignant and normal

breast cells that overexpress assembled, active seprase to the cell surface. Task 5
months 18-36 '

Task 5 requires an isolated, characterized and confirmed full-length seprase cDNA. No
progress has been made on this task yet. However, we are still within the anticipated
time frame for this task.

Preparations for future completion of SOW Tasks 6 & 7.

Task 6. Months 24-48: Determine effects of seprase overexpression on cell-mediated
matrix proteolysis.

Task 7. Months 30-48: Determine effects of seprase overexpression on breast cell
invasion of extracellular matrix.

An immunohistochemical study documenting the overexpression of seprase by invasive
ductal carcinoma cells of human breast cancers was published this year. This study
was begun prior to submitting the original research proposal to the US Army BCRP.
Completion and publication of this study provides peer-reviewed support for the
hypothesis that seprase has a role in the malignant progression of human breast
cancer. (A reprint is included in the appendix).

Last year we reported submitting a manuscript describing a completed study evaluating
human breast cancer cells for invadopodial proteolysis of extracellular matrix and
invasiveness. This study is now in press and demonstrates the assays that will be used
to determine proteolysis of matrix and invasiveness (Page proofs included in the
appendix).

We have also completed and submitted a study documenting a method for quantifying
the proteolytic activity of seprase. This seprase-activity assay will be an important
method for measuring increased seprase activity in cells genetically engineered to
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overexpress seprase. Such determinations will help establish that the seprase
overexpressed in transfected cells is functionally active (The submitted manuscript is

included in the appendix).
Conclusions:

This past year has been successful and much progress has been made towards
completing the goals of the project. Specifically, production of a full length human
breast cancer seprase cDNA by RT-PCR ensures that the goals of the project will be
completed before the end of the four study period. Obtaining the full length seprase
cDNA was the most time consuming and riskiest part of this project. Now that the
cDNA has been produced, it is quite likely that all of the proposed experiments will be
completed in a timely fashion. Secondly, three manuscripts pertaining to the project
have been prepared and submitted. Of these, one is published, one is in press, and the
third is in the peer-review process. Thus, this research continues to be productive,
providing new information about seprase and breast cancer cell invasion.
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Figure 1. RT-PCR cloning of a partial seprase cDNA from chicken embryo RNA

A) The deduced cytoplasmic (black), membrane-spanning (blue), glycosylation-rich
(yellow), cysteine-rich (pink) and catalytic (green) domains of human melanoma
seprase. Putative glycosylation sites ( ), cysteine residues (C), and catalytic residues
(S, D, H, & GWSYG) that are conserved between all members of the integral
membrane serine protease family are noted in blue, those conserved between
seprase and DPPIV are shown in pink, and those that are not conserved are noted in
black. Arrows denote the location of the RT-PCR primers used to amplify chicken
embryo seprase.

B) Agarose gel electrophoresis showing the 780 bp RT-PCR amplification product

produced from a chicken embryo cDNA library (Sep). Molecular sizes of the MX174
Hae lll digest fragments (M) are given on the left.
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Figure 2. Sequence of the C-terminal 341 amino acids of chicken embryo seprase
deduced from the sequence of the 1.5 kb chicken embryo seprase cDNA.
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Figure 3. Summary of previous hybridoma fusion that failed to produce anti-
seprase monoclonal anitbodies.

As reported in the last progress report, mice were immunized with partially purified
chicken embryo seprase. Sera from one mouse was shown to immunoprecipitate
seprase activity and react with a 160 kDa protein in chiken embryo extracts. This

mouse was sacrificed and used to produce hybridomas.

Summary of the fusion results:

583 clones grew up with HAT selection in 96 well plates. Each clone was transferred to
a single well of a 24 well culture plates in 1 ml HAT growth medium. (5/29/1997-
6/11/1997)

All clones were tested by immunoprecipitation and gelatin zymography to detect those
supernatants producing antibodies capable of precipitating the proteolytic activity of
seprase. (5/30/1997-6/30/1997)

21 hybridomas out of the original 583, were scored positive for immunoprecipitation of
seprase activity. To avoid overgrowing and killing the clones, the positive wells were
frozen until testing was completed.

Only 12 of the original 21 clones survived the freezing procedure.
The 12 remaining clones were subcloned by limiting dilution into 96 well plates.

Tested clones that grew up by immunopreciptiation. Subclone 8D2.E2 tested positive
on two separate tests on 7/23/1997 and again on 7/25/97. Subclone 56.E6 tested
weakly positive on 7/29/1997 and retested faintly positive on 7/30/1997.

Prepared ascites fluids of each of these hybridomas in an attempt to produce high-titer
antibodies directed against seprase. Ascites fluid from the mice failed to
immunoprecipitate seprase activity.

We were subsequently unable to successfully immunoprecipitate seprase activity with
either 8D2.E2 or 56.E6 in any later tests.

We conclude that we lost the clones that were secreting antibodies against either
seprase or seprase-associated proteins. The reason for this loss is unclear but could
have been due to any of a number of well known problems associated with hybridomas
and the cloning procedures.
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Figures 4-9. ldentification of antigenic regions in the C-terminal 341 amino acids
of chicken embryo seprase.

The amino acid sequence determined for the C-terminal 341 amino acids was analyzed
by for antigenic and exposed sites using the Mac Vector 3.5, version 6.0 software.
Based on these data, peptides corresponding to amino acids 25-42 (peptide 1) and
123-136 (peptide 2) of this 341 amino acid polypetide were chosen for synthesis.

Figs. 4 & 5. C-terminal polypeptide The entire 341 amino acid polypeptide is
analyzed for hydrophilicity, surface probability, flexibility, antigenic index, amphiphilic
index, amphiphilic sheet, and secondary structure. Regions corresponding to peptides
1 and 2 are indicated by yellow high lighting on the antigenic index plot.

Figs. 6 & 7. Detailed analysis of peptide 1 (LRKERCQYYTARFSERSK) A 22 amino
acid region of the C terminal 341 amino acid polypeptide including peptide 1 (yellow
highlight on antigenic index plot) analyzed for hydrophilicity, surface probability,
flexibility, antigenic index, amphiphilic index, amphiphilic sheet, and secondary
structure.

Figs. 8 & 9. Detailed analysis of peptide 2 (YGGPCSQNVKHTFS) A 35 amino acid
region of the C terminal 341 amino acid polypeptide including peptide 2 (yellow
highlight on antigenic index plot) analyzed for hydrophilicity, surface probability,
flexibility, antigenic index, amphiphilic index, amphiphilic sheet, and secondary

structure.
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Figure. 10. ELISA analysis of sera from mice 1.1 and 1.2 immtjnized with peptide
1.

Photograph of a 96 well plate at the end of an ELISA. Sera obtained after the first
boost from mouse 1.1 (rows A, B, E, & F) and mouse 1.2 (rows C, D, G, H) were used
at 1:50 dilution (A-D) and 1:100 dilution (E-H). The wells were coated with serial
dilutions of peptide 1 in each column (1-12) such that in column 1 the peptide was
diluted 1:5,-column 2 peptide was diluted 1:10, and so fourth through column 12 where
peptide 1 was diluted 1:10,240. Serum from mouse 1.1 had a relatively high titer to
peptide 1 and produced a yellow reaction color that decreased in intensity with dilution
of the antigen (Rows A & B; E & F). In contrast serum obtained after the first boost
from mouse 1.2 was of relative low titer and did not detect immobilized peptide 1 (Rows
C&D; G &H).
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Figure 11. Determinations of the OD 405 for ELISA testing sera for titer to peptide
1.

Print out from a microtiter plate reader of the 96 well plate shown in figure 10 at the end
of the ELISA. As described in figure 10, sera obtained after the first boost from mouse
1.1 (rows A, B, E, & F) and mouse 1.2 (rows C, D, G, H) were used at 1:50 dilution (A-
D) and 1:100 dilution (E-H). The wells were coated with serial dilutions of peptide 1 in
each column (1-12) such that in column 1 the peptide was diluted 1:5, column 2 peptide
was diluted 1:10, and so fourth through column 12 where peptide 1 was diluted
1:10,240. Serum from mouse 1.1 had a relatively high titer to peptide 1 and produced a
absorbance at 405 nm that decreased in intensity with dilution of the antigen (Rows A &
B; E & F). In contrast serum obtained after the first boost from mouse 1.2 was of
relative low titer and did not detect immobilized peptide 1 (Rows C & D; G & H).
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Figure 12. ELISA of sera from mice immunized with peptides 1 and 2.

Print out from a microtiter plate reader of the 96 well plate at the end of an ELISA
testing sera obtained after the second boost from all mice injected with peptides 1 and
2. The sera were diluted to 1:100 (A-D) and 1:1000 (E-H). The wells were coated with
1:200 dilutions of the appropriate peptide (A & B, E & F) or 1:500 dilutions of the
appropriate peptide (C & D; G & H). All sera had good reactivity with the peptides used
as immunogen. In contrast, none of the negative control samples developed any
reaction product (Rows G & H, Columns 10, 11 & 12). Negative controls included
coating the plate with BSA instead of peptide then incubating with sera from mouse 1.1
and treating as described (Rows G & H; Column 10). Another control was substituting
normal mouse serum (non-immune) for the primary antibody in wells coated with
peptide 1 and treating as described (Rows G & H; Column 11). Finally, wells coated
with peptide 1 were exposed to mouse 1.1 sera but the alkaline phosphatase
conjugated second antibody was omitted (Rows G & H; Column 12). All 3 negative
controls had acceptably low absorbances at 405 nm. :
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Figure 13. RT-PCR amplification of an apparently fuIIIength seprase‘ cDNA from
MDA-MB-436 human breast cancer cells.

Agarose gel electrophoresis showing the 2.4 kb and 1 kb amplification products
produced with seprase-specific primers by RT-PCR from MDA-MB-436 human breast
cancer cells (Sep). Glyceraldehyde 3 phophate dehydrogenase (G3PDH) was
efficiently amplified from the same RNA preparation using G3PDH specific primers.
Molecular sizes of the A Hind lil digest fragments (M) are given on the left x 102,
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The increased cell surface expression of the serine
integral membrane protease, seprase, has been as-
sociated with the invasive behavior of human mel-
anoma cell lines in vitro. The present study investi-
gates the expression of seprase in malignant,
premalignant, benign, and normal human breast
tissues. The 170-kDa gelatinase activity of seprase
was identified in extracts of infiltrating ductal car-
cinomas (IDC). Protein bands corresponding to the
proteolytically active 170-kDa seprase dimer and its
97-kDa seprase subunit protein were identified by
immunoblot analysis of IDC extracts using an anti-
serum elicited against immunoaffinity-purified se-
prase. Immunohistochemical analysis of seprase ex-
pression in 41 formalin-fixed and paraffin-
embedded specimens of human breast tissue
- revealed preferential immunoreactivity with the
malignant cells of IDC (27 cases). Within individual
IDC specimens, the stromal cells or morphologi-
cally normal epithelium revealed low labeling that
was always significantly less than the labeling of
neoplastic cells. Lymph node metastases of IDC
cells were also strongly positive, but the lymphoid
tissue in affected nodes was not stained. Neoplastic
cells in DC in situ (5 cases) exhibited variable levels
of staining, Epithelial cells of benign fibroadenoma
specimens (2 cases) and benign proliferative breast
disease (5 cases) exhibited little or no immunoreac-
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DC cells is consistent with seprase having a role in
facilitating invasion and metastasis of IDC of the
breast. The cell surface localization of seprase cogld
be used to target therapeutic agents to maligriant
breast cells.
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Invasion with or without metastatic spread of
breast cancer to distant sites has already occurred
in a significant number of patients by the time their
disease is detected (1). Significant improvement in
patient survival might be achieved by halting the
invasion process and containing the metastatic
spread and growth of the disease. Extracellular ma-
trix-degrading proteases are important in invasion
and metastasis because their activities enable
breast cancer cells to cross basement membrane
and stromal extracellular matrix barriers and thus
escape the breast (2, 3).

Invading breast cancer cells, like a variety of
other - invasive tumor cells, extend specialized
plasma membrane protrusions called invadopodia
that contact and degrade extracellular matrix (4, 5).
Invadopodia can degrade many different purified
extracellular matrix proteins as well as fully assem-
bled natural extracellular matrices, suggesting that
proteases capable of degrading most, if not all, ex-
tracellular matrix structural proteins are located on
the surface of invadopodial membranes (6, 7). Sev-
eral invadopodial proteases were identified (8); and
one, seprase, was proposed as a marker of tumor
cell invasiveness (7). Seprase is a serine integral
membrane protease that was initially identified as a
170-kDa gelatinase activity in extracts of the inva-
sive LOX human melanoma cell line (9). This activ-
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ity was not detected in noninvasive human mela-
* ' » noma cells lines. A similar, seprase-like protease
was later identified as a 160-kDa gelatinase in trans-
formed chicken embryo fibroblasts (6). In cell ex-
tracts, seprase exists as a 97-kDa monomer that is
enzymatically inactive and as a noncovalently
bound dimer of the 97-kDa protein that form the
170-kDa proteolytically active enzyme (10). The ac-
tive dimer (170 kDa) can be entirely converted to

ing agents, heat, or exposure to acidic pH (10).

This study was performed to investigate seprase
expression in malignant and benign human breast
tissues using an antiserum raised against affinity-
purified seprase. This antiserum reacts specifically
with both the 97-kDa seprase protein and the 170-
kDa active seprase dimer in extracts of human
breast carcinomas. Immunohistochemical analysis
reveals that infiltrating ductal carcinoma (IDC) cells
are labeled intensely by the antiserum but sur-
rounding stromal cells, lymphoid infiltrate, adipose
tissue, and normal epithelial cells are not labeled or
are labeled to a low level. DC in situ (DCIS) cells
exhibited variable staining with antiserum to se-
prase, but hyperplastic cells in benign fibroadeno-
mas and proliferative breast disease were only
weakly labeled. Thus, seprase overexpression by
malignant breast cells might be exploited for clini-
cal prognosis and treatment.

. MATERIALS AND METHODS

Generation of an Antiserum Against Seprase

White Leghorn chicken embryos, 9 days old, were
purchased from Truslow Farms (Chestertown, MD).
Seprase was purified from 220 (396 g) embryos.
Various peripheral membrane proteins were re-
moved by sequential extractions. First, the embryos
were homogenized in 10 volumes of 10 mm Tris and
5 mM EDTA (pH 7.6). The insoluble material was
collected by centrifugation and extracted with the
same, low ionic strength buffer for 30 minutes at 37°
C. The insoluble material was extracted with 10 mm
Tris/hydrochloric acid (HC)), 0.6 M sodium chloride
(NaCl), and 5 mm EDTA (pH 7.6) for 12 hours at 4°
C. After each extraction, the insoluble material was
collected by centrifugation, and the supernatant
was discarded. The pellet was then extracted with
2.6% Triton X-114, 10 mm Tris/HCl, and 5 mm EDTA
(pH 7.6). The supernatant (detergent extract) was
recovered after centrifugation and used to continue
purifying the protease.

The detergent extract was phase partitioned (11),
and the detergent phase was separated from the
aqueous phase by centrifugation. The detergent
phase was diluted with cold deionized water (to 1L)
to achieve a final concentration of less than 20 mm
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the 97-kDa monomer protein by histidine modify- v

NaCl. The detergent phase was loaded at 70 mL/hr
onto an 80-mlL diethylaminoethyl-cellulose column
(Whatman DE52; Whatman International, Hills-
boro, OR) equilibrated in 0.5% Triton X-100, 5 mm
EDTA, and 10 mm Tris/HCI (pH 7.5). The column
was washed with 560 mL equilibration buffer, then
eluted at 20 mL/hr with a 560-mL continuous gra-
dient, ranging from 0 to 400 mm NaCl. Fractions (7
mL) were collected, and those with seprase activity
were identified by zymographic analysis and
pooled for purification on a monoclonal antibody
(mAb) D43 column. The D43 mAb is a rat immu-
noglobulin (Ig) G2A that precipitates seprase activ-
ity and reacts with the 170-kDa active seprase
dimer but not the 97-kDa monomer on immuno-
blots (7, 10).

Immunoaffinity columns were prepared by bind-
ing rabbit antirat IgG to protein A agarose and then

‘binding mAb D43 to the rabbit antirat IgG. The

resulting protein A agarose, rabbit antirat IgG, and
mAb D43 complex was covalently linked together
using dimethyl suberimidate-2HCl (Affinica Kit;
Schleicher & Schuell, Keene, NH). Approximately 37
mg of diethylaminoethyl-purified seprase was
loaded onto a 1-mL protein A agarose column
linked in series to a second 1-mL D43 affinity col-
umn. Unbound proteins were washed from the col-
umns with 10 ml of 0.5% Triton X-100, Tris-buffered

- saline (TBS; 20 mm Tris/HCl [pH 7.6}, 150 mm NaCl)

and 5 mM EDTA. The coluinns were then separated
and eluted individually with 0.1% Triton X-100 and
0.1 m glycine/HCI (pH 2.4). Fractions (1.5 mL) were
collected in tubes containing 70 L of 2 M Tris base
to neutralize the pH. For production of antisera,
immunoaffinity purified seprase was injected into a
3-month-old female Harlan Sprague Daly rat. For
injections, seprase was mixed 1:1 with Freund's
Complete Adjuvant (GIBCO-BRL, Gaithersburg,
MD), followed 4 weeks later with a boost (1:1), with
Freund’s Incomplete Adjuvant (GIBCO-BRL).

Preparation of Human Breast Carcinoma Tissue
Extracts :

The breast tumors that were used for biochemical
and immunohistochemical analysis in this study
did not receive radiation or chemotherapy before
surgical excision of the tumor. Fresh human breast
cancer tissue, identified by pathologists as IDC, was
washed three times with cold phosphate-buffered
saline (pH 7.4) to remove extracellular proteins and
homogenized in 1% (v/v) Triton X-114 in TBS and 5
mum EDTA at 4° C. The insoluble material was elim-
inated by centrifugation and the extract used im-

‘mediately or stored at —80° C. A phase separation

step was performed after removal of the detergent
insoluble material. The detergent phase was then
purified by wheat germ agglutinin Sepharose chro-




matography (Vector Laboratories, Burlingame, CA),

as previously described for melanoma seprase (9). -

Extracts of breast cancer tissue prepared in this way
were used for zymographic and Western blot anal-
ysis.

Immunoblots

For Western blotting, samples were solubilized in
sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE) sample buffer and subjected
to electrophoresis through a 7.5% acrylamide gel.
The proteins were transferred to nitrocellulose fil-
ters (0.45 pm) by diffusion in water overnight at 22°
C. A representative transfer was stained with
Ponceau-S (Sigma, St. Louis, MO) to evaluate the
success of the transfer and to locate the molecular
weight markers. Free protein binding sites on the
nitrocellulose were blocked with 5% (w/v) nonfat
dry milk, 0.1% (v/v) Tween-20, and TBS for 1 hour
at 22° C. The rat antiserum directed against seprase
was diluted 1:1000 in blocking buffer and applied to
the nitrocellulose protein replicas for 1 to 2 hours at
22° Cin a humidified chamber. Excess antibody was
removed by washing the transfers five times with
0.1% (v/v) Tween-20 in TBS. The antibody-antigen
complexes were prepared for detection by incubat-
ing the samples with a horseradish peroxidase con-
jugated antibody directed against rat IgG (Amer-
sham, Arlington Heights, IL) diluted 1:3000 in

blocking buffer for 1 hour at 22° C. After five washes

in 0.1% Tween-20, the reactive bands were detected
using a chemiluminescence detection system (ECL
Kit, Amersham).

Gelatin Zymographic Analysis

Gelatin zymographic examination was routinely
used for identifying seprase activity in extracts of
IDCs and performed as described earlier (6). Zymo-
grams used 3 mg/mL gelatin and 10% (w/v) acryl-
amide.

Immunohistochemical Analysis

Formaldehyde-fixed, paraffin-embedded archival
tissue was cut into section 3 to 4 um thick and
mounted on polylysine-coated slides. The tissue
was deparaffinized by two xylene washes and rehy-
drated by four washes of decreasing ethanol con-
centrations, followed by a single wash in distilled
water. Trypsin was used to unmask hidden epitopes
by breaking protein crosslinks resulting from the
formalin fixation (12). Endogenous peroxidase ac-
tivity was quenched with 0.3% hydrogen peroxide.
The slides were washed in TBS for 20 minutes and
then incubated with 10% nonimmune normal goat
serum at room temperature for 10 minutes. The
excess blocking solution was removed, and the sec-

tions were incubated in a 1:2000 dilution of the

IgG, diluted 1:2000. Free antibody was washed away
using TBS, and the sections were incubated with
avidin-biotin-peroxidase for 30 minutes. The sec-
tions were washed in TBS for 10 minutes, followed
by incubation in the 0.1% hydrogen peroxide and

the chromogen 3,3'-diaminobenzidine. The sec-

tions were washed in tap water for 5 minutes, coun-
terstained with aqueous hematoxylin, and mounted
on slides (13). The procedure used for immunohis-
tochemical examination of the lymph node metas-
tasis and normal human breast tissue, as well as for
staining the specimens used to compile Table 1,
was performed as described above except that the

~antibody against seprase was Jocalized using a kit

from BioGenex (San Ramon, CA) that relied on al-
kaline phosphatase conjugated to the IgG directed
against rat IgG and fast red chromogen.

Seprase Expression in Malignant, Benign, and
Normal Breast Epithelia

Forty-one surgical specimens from patients re-
ceiving initial treatment for breast conditions are
arranged in Table 1 according to diagnoses and
immunoreactivity for seprase. The cases are
grouped from malignant, premalignant, benign,
and normal diagnoses as IDC, DCIS, lobular carci-
noma in situ (LCIS), fibroadenoma, proliferative
breast disease, and normal breast tissue. Four of the
DCIS cases (Cases 29-32) were diagnosed as come-
docarcinoma. The lobular carcinoma in situ sec-
tions used in our study did not have evidence of
invasion, but some sections had invading cells. Sec-
tions were stained by a standardized, conventional
immunohistochemical technique. A score of 1+ is
the lowest possible staining intensity. We also
scored the intensity of seprase immunoreactivity
for stromal cells and morphologically normal epi-
thelial cells within malignant and benign neo-
plasms. The other clinical characteristics that we
collected included the age of the patient, the pres-
ence of estrogen and/or progesterone receptor on
tumor cells, the percentage of tumor cells in the S
phase of the cell cycle, chromosomal ploidy, and
histologic grading (1, II, or III) for increasing anapla-
sia of the tumor cells (14).

RESULTS

_. Immunoaffinity-purified seprase was used to

produce an antiserum capable of recognizing se-
prase in formaldehyde-fixed and paraffin-
embedded tissues. D43 is a rat monoclonal IgG2A
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' TABLE 1. Seprase Expression in Human Breast, Tissues

I

Lase ' Diagnosis Age (yn) Size (cm) Node status ER/PR % S phase ~  Ploidy Grade Neo - St "Ep
1 IDC 33 15 10/16 -1- Aneu 1 1+ +/- +/-
2 1IDC 39 8 10/18 -I- 9 Aneu I 1+ +- 1+
3 IDC 72 0.7 +1- I 2+ +1~ -
4 IDC 45 1 0/18 +/- 7 Dip! 1 2+ 1+ 1+
5 IDC 36 1 2/30 -/- 9 Aneu m 2+ +1- 1+
6 IDC 45 1.7 0/12 +/+ 10 Aneu m 2+ +1- 1+
7 IDC 54 18 6/13 6 Dipl I 2+
8 IDC 31 2 0/14 +1+ 8 Aneu i 2+ +/-

9 IDC 62 25 0/14 —-1- 14 _ Aneu m 2+ 1+ -
10 IDC 50 26 3/8 +/+ 4 Aneu 1L 2+ 1+ T 1+
1 IDC 28 4 U1 +/+ 21 Aneu 1 2+ A=+
12. 'IDC 48 13 1/18 -1- 23 Aneu i1 2+ +1= 1+
13 IDC 18 6.5 4/4 +/- 12 Aneu I 2+ - +/-
14 iDC 44 8 0/3 -1~ m 2+ 1+ 1+
15 IDC 78 0.7 +1+ Aneu i 3+ 1+ +1-
16 ‘IDC 72 1.2 12 ++ Aneu It 3+ +I1-

17 jialed 27 15 6/7 10 Aneu I 3+ 1+

18 iDC 48 18 0/13 +I+ 4 Dipl I 3+ 1+ -
19 IDC 54 2 1/18 +/- 6 ° Aneu I 3+ 1+

20 IDC 64 25 0/10 +/- 9 Aneu i 3+ 1+ 1+
21 IDC 81 4 5Nn7 +1+ ~ Aneu m 3+ 1+

22 IDC 61 13 012 +1- 3 " Dipl i 4+ 1+ 2+
23 IDC 40 1.8 0/20 8 Aneu I 4+ 1+ 1+
24 IDC 83 2 +1+ 8 . I 4+ 2+

25 IDC 51 4 1/14 11 Aneu It 4+ 2+

26 IDC 73 7 1/17 +f- 14 Aneu m 4+ +/-

27 IDC 60 0.9 0/18 +/+ - i 4+ - -
28 DCIs 66 0/3 -1~ Anew’ I +1- +/- -~
29 DCIS 39 0.7 0/16 + 2 Dipl 1 2+ +1- +/-
30 DCIS 60 25 0/14 +/- 9 Aneu 2+ 1+ 1+
31 DCIS 47 ~-I- 2+ +/- -
32 DCIS 50 4 0/15 1 Aneu 4+ 2+

33 LCIS 48 0/14 +1+ 1 Dipl 1+ +/- -
34 FIB 36 1+ -

35 FIB 47 0/15 - -

36 PBD 45 . 1+ 1+
37 PBD. 36 : 1+ +/~
38 PBD 58 - +/-
39 PBD - 45 1+ 1+
40 PBD 47 - -

Normal tissue

1+, lowest positive staining intensity; aneu, aneuploid; dipl, diploid; DCIS, ductal carcinoma in siti;; Ep, epithelial cells; St, stromal cells: ER, estrogen
receptor; PR, progesterone receptor; FIB, fibroadenoma; IDC, infiltrating ductat carcinoma; LCIS, lobular carcinoma in siti; Neo, neoplastic cells; Node
status, number of nodes positive for tumor celis/number of nodes examined; PBD, proliferative breast disease.

produced by Monsky et al. (7) and Pineiro-Sanchez
et al. (10) that immunoprecipitates 170-kDa active
seprase dimer and the 97-kDa seprase protein from
extracts of human melanoma cells. Immunoblot
analysis revealed that D43 reacted only with the
170-kDa active dimer and that immunoreactivity
was lost after boiling or exposure to acid pH, so the
epitope it recognizes was lost with dissociation or
denaturation (7, 10). This limited recognition of
seprase by the D43 mAb indicated that although it
would be useful for purifying seprase, it might not
recognize seprase in archival tissue specimens.
Therefore, D43 was used to purify seprase for the
purpose of generating a polyclonal antiserum that
recognized many different epitopes on the seprase
molecule.

Seprase was purified from detergent extracts of

9-day-old chicken embryos by sequential extrac-
tions to remove peripheral proteins and by Triton
X-114 detergent extraction to solubilize seprase.
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Purification of seprase to near homogeneity was
achieved by phase partitioning the detergent ex-
tract and subsequent chromatography of the deter-
gent phase by anion exchange and mAb D43 im-
munoaffinity columns. Analysis of the proteins
released from the D43 immunoaffinity column by
SDS-PAGE and silver staining revealed that a 97-
kDa protein corresponding to seprase was specifi-
cally bound by the column (Fig. 1A). Seprase was
not retained by protein A agarose beads that did not
have IgG attached, but a protein migrating at 66
kDa was retained by both columns (Fig. 1A). The
affinity-purified seprase was used as immunogen to
produce a polyclonal antibody. The resultant anti-
serum specifically identifies the 97-kDa seprase
protein in chicken embryo extracts (Fig. 1B). The

~ antiserum also identifies both thé 97-kDa seprase

monomer and the 170-kDa seprase dimer in ex-
tracts of human IDCs of the breast that were not
boiled (Fig. 2). These human IDC extracts also re-




tain the 170-kDa gelatinase activity of seprase (Fig.
'2), The molecular weights of the proteins identified
by the antiserum in extracts of human breast car-
cinoma extracts were consistent with the estab-
lished molecular weights of 170 kDa for the proteo-
lytically active seprase dimer and 97 kDa for
inactive monomeric seprase (7, 10).

Surgical specimens of human breast tissue (41
cases) were stained with antiserum directed against
seprase (27 IDCs, 5 DCISs, 1 lobular carcinoma in

~ situ (LCIS), 5 benign proliferative breast disease, 2

fibroadenomas, and 1 sample of normal breast tis-
sue) (Table 1). The antiserum directed against se-
prase intensely labels invasive cells in IDC of the
breast tumors, but labeling is much lower or absent
from stroma, inflammatory tissue, or normal epi-
thelium (Table 1; Fig. 3). The tumor cells in all of the
27 IDCs were positively stained for seprase, and the
neoplastic cells were always more intensely labeled
than stromal cells and morphologically normal ep-
ithelium in the same specimen. In no instance were
IDC cells scored as weak or negative for immuno-
reactivity with antibodies to seprase. Moreover, the

A. D43 affinity-  B. pAb against seprase
purified seprase
‘,Q
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FIGURE 1. The antiserum raised against seprase shares specificity
with the D43 mAb to seprase. A, D43 affinity-purified seprase. Silver-
stained gel shows the chicken embryo 97-kDa protein that was eluted
with acid from a mAb D43 column (Anti-Seprase). No 97-kDa protein
was detected eluting from the control column (Protein A). A 66-kDa
protein is present in both samples and is thus bound nonspecifically.
B, polyclonal antibody against seprase immunoblot. Western blot
analysis shows proteins recognized by the polyclonal antibody
generated against mAb D43 immunoaffinity-purified seprase. Proteins
in a chicken embryo seprase extract were separated by SDS-PAGE and
detected by Coomassie Blue staining (Gel). The polyclonal antibody
reacts only with a 97-kDa protein in samples in which seprase was
boiled (Blot). Molecular weights of the standard (far left) and the 97-
kDa proteins are X 1073, and df indicates the dye front.

FIGURE 2. Identification of seprase in extracts of IDC of the breast.
Seprase was present in extracts of tumors that were identified by
pathologists as IDCs of the breast. These tumors were extracted with
Triton X-114, and the proteins binding to a wheat germ agglutinin
agarose column were subjected to SDS-PAGE and blotted onto
nitrocellulose. Seprase activity at 170 kDa 1s apparent in this fraction,

" as seen by gelatin zymographic analysis (Zym). The antiserum detects

170-kDa and 97-kDa proteins that correspond to the active seprase
dimer and its inactive subunit (Blot). Molecular weight markers are X
10~3 and are indicated between panels.

majority of these neoplastic cells had moderate
(2+), high (3+), or the highest (4+) levels of immu-
noreactivity. IDC cells in lymph node metastases
were also strongly seprase positive, but lymphoid
tissue is not labeled (Fig. 4). Neoplastic cells are
labeled throughout the cytoplasm (Fig. 4), so se-
prase is not strictly localized to the cell surface of

the neoplastic cells of primary IDC tumors and IDC
Jlymph node metastases. Except for diagnosis as

IDC, the relative intensity of seprase staining did
not seem to correlate with other clinical variables

including the patient age, the levels of estrogen or
progesterone receptors, the percentage of cells in

the S phase, or DNA ploidy (Table 1). In addition,
there was no obvious correlation between levels of
seprase expression at the primary site and prognos-
tic indicators such as tumor size, nodal involve-

ment, and histologic grade (Table 1).

* 'We examined five DCISs, and all except one were
positive for seprase expression (Table 1). Histologic
evaluation of the seprase-negative DCIS showed no
evidence of microinvasion, but foci of microinva-
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FIGURE 3. Malignant DC of the breast cells express high levels of
seprase. A low power view of IDC of the breast shows clumps of
neoplastic cells filling the ducts and invading the stroma. C, D: IDC
cells are stained intensely by the antiserum directed against seprase.
The tumor cells exhibit heterogeneity in seprase expression, with some
cells more intensely labeled than others. D, normnal stroma, noninvasive
carcinoma in situ (arrowheads), and inflammatory tissue (arrows) are
not stained. A, B: no brown 3,3’-diaminobenzidine reaction product is
seen in adjacent sections stained with the preimmune rat serum. The
sections are counterstained with hematoxylin. Original magnifications,
28X (bar = 500 pm).

sion were noted in the four DCISs that were positive
for seprase expression. These seprase-positive
cases were also classified as comedocarcinomas.
The significance of the variable seprase expression
by DCIS is difficult to assess from this small number
of cases that also has an unusually high percentage
of DCISs with microinvasion. In addition to DCISs,
we examined one LCIS specimen, and it had a low
level of staining for seprase. We also studied two
fibroadenomas and five cases of benign prolifera-
tive breast disease, all of which had low levels of
immunoreactivity (1+) or were not labeled. The
one normal breast specimen was not stained by the
antiserum against seprase (Fig. 5). Seprase expres-
sion by epithelial cells in these benign breast con-
ditions was always low, and these cells never ex-
pressed seprase -at-the.moderate, high, or the
highest levels (2+ , 3+, 4+) that were recorded in
the majority of the malignant and premalignant
cases. These immunohistochemical findings indi-
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FIGURE 4. Seprase is expressed by breast cancer cells in lymph node
metastases. In (A), (B), and (C), seprase is expressed by breast cancer

. cells that metastasized to lymph nodes. A, the large breast cancer cells

(arrowhead) are easily distinguished from the lymphocytes in this
node. The metastatic breast cancer cells vary in level of seprase
expression, and some cancer cells stain much more intensely with the
fast red reaction product than others. Original magnifications: A, 160X
{bar = 100 wm); B, 800X (bar = 20 um); C, 3500% (bar = 4 pm).

cated that seprase was overexpressed by neoplastic
cells'in invasive ductal carcinoma. These observa-
tions were consistent with overexpression of se-
prase acting to facilitate invasion and metastasis by
degrading extracellular matrix.

DISCUSSION

"This immunohistochemical study used a seprase-
specific antiserum to reveal overexpression of se-

prase by the neoplastic cells of IDC relative to its

expression by the stromal and normal epithelial
cells in these tumors. Although seprase is known to
be present on the surface of invasive cells (7), it is
not restricted to the plasma membrane. IDC cells
also had a large intracellular pool of seprase that
was apparently contained within small vesicles and

- might reflect the increased synthesis of this mem-

brane protein. The overexpression of seprase by
neoplastic IDC cells was also corroborated by the
low levels of seprase expression observed in benign




i Normal Breast

FIGURE 5. Normal breast tissue is not labeled by the antibody

directed against seprase. No staining is detected in these normal breast
epithelial cells stained with antibody against seprase. Original |
magnifications: A, 804 (bar = 100 pm); B, 800x (bar = 10 um).

proliferative or normal breast cells. In contrast to
malignant breast conditions, cells of fibroadeno-
mas and epithelial cells of benign proliferative
breast disease had little or no staining for seprase.
Normal breast epithelium was not stained. Stromal
cells in the benign lesions and in normal breast
tissue did not express seprase. These findings sup-
ported the idea that seprase overexpression was a
marker for invasiveness and extended this possibil-
ity from cells grown in vitro to clinical specimens of
malignant human breast tissues.

Previous studies suggested that seprase overex-
pression might be a marker of an early event in the
process of progression from the noninvasive pre-
malignant to the invasive malignant phenotype (7,
9). Initially, this notion was based on examination
of seprase activity in many different human mela-
noma cell lines with known invasive potentials (9).
It was supported by the observed concentration of
seprase on invadopodia, a location that places it at
the sites of aberrantly high proteolysis of extracel-
.. lular matrix caused by invading tumor cells (7, 15).
‘Moreover, human melanoma cells that were sorted
for the highest level of cell-surface seprase expres-
sion also revealed the highest degree of proteolysis

of extracellular matrix (7). The proteolysis of extra-
cellular matrix by invadopodia facilitates invasion
by human breast cancer cell lines, and the level of
proteolytic activity is positively correlated to the
invasion potential of the cell lines (16). Thus, this
evidence combined with the findings from this
study suggests that seprase might have a role in
conferring the invasive phenotype on human breast
cancer cells.

The role of seprase in the malignant progression
of breast cancer is not known, but it mlght facilitate

" invasion and metastasis of breast carcinoma cells

by increasing their proteolysis of extracellular ma-
trix. Seprase is an integral membrane serine pro-
tease that is embedded in the plasma membrane,
with its catalytic domain exposed to the extracellu-
lar environment (7, 10). Seprase can degrade gelatin
or denatured Type I collagen at the neutral pH of
the extracellular fluid (6, 9); thus, it might facilitate
invasion by degrading extracellular matrix directly.
Seprase might also indirectly increase the extracel-
lular matrix degrading-activity of tumor cells by
acting in concert with other matrix-degrading pro-
teases. It is known that human breast cancers "ex-
press a variety of extracellular matrix-degrading
proteases, including matrix metalloproteinase
(MMP)-2 and MMP-9 (3, 17-20), stromelysin-3 (21),
plasminogen activators (22-24), cathepsins B and L
(25-28), cathepsin D (29) and MT1-MMP (30). The
activity of these proteases s -tightly regulated by
transcriptional control, activation of latent proen-
zymes and by the levels of endogenous inhibitors
for the different matrix-degrading proteases (3). Se-
prase and MT1-MMP are integral membrane pro-
teases known to be overexpressed by human breast
cancer cells. MT1-MMP apparently functions as an
activator of latent MMP-2 by invasive breast carci-
noma cells (31, 32). Seprase might also function to
stimulate proteolysis of extracellular matrix indi-
rectly by promoting the activity of other matrix-
degrading proteases. There is no evidence that se-
prase can activate latent forms of secreted
extracellular matrix-degrading proteases, but it
could facilitate proteolysis of extracellular matrix by
exposing hidden protease cleavage sites on extra-
cellular matrix molecules.

Sequence analysis of human melanoma seprase
revealed that it is a nonclassical serine integral
membrane protease that is very closely related to
fibroblast activation protein (FAP)-o and shares
considerable sequence homology to dipeptidyl
peptidase IV (10). The nucleotide sequence of the
c¢DNA encoding seprase differs from that of FAP-«
by changes or insertions of only 8 bp, resulting in a
difference of 48 amino acids or 94% identity (10).
Elevated expression of FAP-a was reported in reac-
tive stromal fibroblasts of human epithelial cancers,
including breast cancer, but the neoplastic cells had
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lower expression of FAP-« (33). Those results were

+ ' obtainéd usmg the F19 mAb directed against FAP-«

and were in contrast to the findings presented here
using the polyclonal antibody against seprase (33).
Thus, despite their close sequence homology, se-
prase and FAP-a might have distinct roles in the

invasion process, with seprase being more confined
to tumor cells and FAP-« restricted to reactive stro-
mal fibroblasts.

-Seprase might be a good candidate for providing
target specificity to therapeutic agents. Inhibition of -
the proteases that cancer cells use to degrade ex-
tracellular matrix is a promising area of transla-
tional research designed to control tumor spread
and growth (34). Much of the progress in this arena
was in the development of inhibitors of MMPs (35,
36), but inhibition of seprase might also impede the
invasion process. Alternatively, the overexpression,

- cell surface localization and physical attachment of
seprase to the surface of breast cancer cells might
be exploited to target cytotoxins to malignant cells.
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Book Review

Gilstrap LC lll, Faro S: Infections in Pregnancy,

2nd ed, 345 pp, New York, w:Iey-L:ss, 1997
($79.95)

A publisher friend of mine told me once that,
among the various medical specialists, gynecol-
ogists are ranked last on the list of most avid
readers. I would submit that they most likely do
not have time for lengthy books; if one were to
find a format to deliver a message that can be
read between two deliveries, more gynecologists
could be reached. The case in point is the
present book, which illustrates this principle
well. Written by two experienced gynecologists
specializing in gynecologic and obstetric infec-
tions, the book is a brief but most informative

-
i

compendium dealing with some two dozen com-

mon infectious diseases that affect pregnant
women. The text is to the point, typically ampli-
fied with diagnostic algorithms or summary ta-
bles. It reads well and is up-to-date. In my opin-
ion, it is ideally suited for a busy gynecologist,
but it should be of interest to other specialists,
including pathologists, as well. It is no wonder
that this useful book is already in its second
edition. I am sure that a third, written in the
same format, will follow in due time.

Tvan Damjanov
University of Kansas School of Medicine
Kansas City, Kansas '

séprase Overexpression in Bréast Cancer (T. Kelly ot a/.)

863

eepirie o




too @

Cib:. Lxp. Metastusie, 1598, 16, DOO-GU0

Proteolysis of extracellular matrix by invadopodia
facilitates human breast eancer cell invasion and is
mediated by matrix metalloproteinases

Thomas Kelly, Yan Yan, Rebecca L. Osborne. Anupama B. Athota, Tricia L. Rozypal,

J (.hns Colclaburc and Winston S. Chu

Department of Puthology, Arkansas Caricer Research Center, University of Arkansas for Medical

Sciences, Litlle Rock, AR, USA

(Received 6 February 1998; accepied in revised form 13 March 1998)

Breast cancer cell lines vary in invasive behavior and ome highly invasive cell line (MDA-MB-231)
proteclytically degrades extraceliular matrix with invadopodiu (Thompson et al, 1992, J Cell Physiol, 150
534-44; Chen et al. 1994, RBreact Can Res Treat, 31 217-26). Invadopodial proteolysis of extracellular matrix
is thought tu be nccessary for invasion; however, this hias not been demonstrated divectly. To obtain such
cvidence, normal (HBL-100) und msalignont (MCF-7, MDA-MB-231) hreast celis were evaluated for
invadopedial proteolysis of extracellular matrix and invasive behavior. We report that invadopodial prote-
ulysis of immobilized fibronectin is pusitively eorrelated with invasion of cells into type I collagen gels,
Morcover, reducing the proteolytic activity of invadopodia with the meialloproteinase inhibitor, hutimastat
(BB-94), also decreases invasivn indicating that breast cancer cell invasion is dependent upon proteoly(i-

cally active invadopodia. © Lippincett-Raven Publishers

Keywords: (BB-94) batimastat, fibrozectin, invadopodia, invasion, metastasis, MMP

Infroduction

invasive tumor cells have increased levzis of a
variety of extracellular matrix-degrading proteases
that allow them 1o traverse complex basement
menibrune and stromal matrices (reviewed in [1~3].
Generally, the matrix-degrading proteases are
secreted by tumor and stromal cells as inactive
zymogens that rcquire association with the tumor
cell surface to become activated and capable of
spruding extraceltular matrix [12]. The cellular
sites of abnormally higk extracellalur matrix-
degrading activity can be investigated by growing

Addrass ecrrespondence 10 T, K:“),Depmmcnl ol Pathology,
Siot 753, Arkansas Cuncer Rescarch Center, University of
Arkansas for Medicat Suiences, 4301 W. Markham St. Little
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501 686 6517, e-mail: keltythomasi@exchange. sams. sdu.
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invasive ¢clls on monolayers of fluorescently labeled
extracellular matrix proteins, Fluorcescence-negative
regions underneath the invasive cells arc observed
that indicate the positions where matrix proteolysis
has occurred {4,5]. The proteolytic aclivity is
discretely focused and corresponds to areas whese
plasma membrane protrusions termed ‘invadopodia’
extend from cell surfaces and contact the matrix
{4, €]. Invadopodia can Jdegrade multipls extracel-
lular matrix proiwcins including intact fibronectin-
rich matrices produced by fibroblasts, fibroneciin,
laminin, type IV 2ollagen, and type I collzgen [5].
A variety of invasive cells exhibit invadopodia
including human nielanoma cells [7], transformed |
chicken fibroblasts {4-€], 2nd human breast cancer
cells [8,9). invadopodial proteclysis of extraceliular
matrix is thought to [acilitate tumor cell invasion
into extracellular matrix 3,6,10].

Clinical & Experimental Metastusis Vol 16 No 00 1
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Matrix matalloproteinases (MMPs) are important
mediators of invadopodial degradation of exiraceilu-
lar matrix because an inhikitor of MMPs (NP-20)
decreases invacopodial degradation of tvpe T colla-
gen by Rous sarcoma virus-transformed chicken
embryo fibrohlasts [11]. MMPs arc a family of struc.
turally related enzymes that togcther can degrade

_all components of the extracellular matrix and

are known to be important in tumor cell invasion
11,2]. MMPs are synthesized as inactive proenzymes
that require cleavage of the pro-peptide for activa-
tion of their proteolytic zctivities. Proteolylically

- active MMP-2 (gelatinase A) and MT1-MMP (mem- -

brane type 1-mairix metalloproteinass or MMP-14)

are concentrated on invadopod:al membranes sugs

gesting that these enzymes are important mediators
of invadopodial extraceflular matrix degradation
{11,12). MT1-MMP is activated by furin-like enzymes
prior to its expression on the cell surface [13,14]
where it serves as a potent aclivator of latent MMP-
2 [15,16). Given the wide range of extracelulsr
matrix substrates degraded by invadopadia, other
proteases including other MMPs are likely Lo have a
role in proteolysis of cxtracellular matrix by
iavadopadia.

This study was performed to determine if
invadopodial proteolysis of extracellular matrix plays
«n important role in facilitating humsan breast cell
invasion. Previously, it was shown that the invasive
MIDA-MB-231 human breast cancer ceils use
invadopodia to degrade films of fucrescent extracel-
lular matrix molecules covalently attuched to
glutaraldehyde crosslinked gelatin  [89]. Inde-
pendently, others have shown that human hreast can-
cer ccll Jines vary in their ability to invade into
Matrigei and that human breast cancer cell lines viry
in local invasicn through the peritoncum when
injected into the mammary fat pads of rude mics
[17). MDA-MB-231 cells were idealified as invasive
ir both assays [8.17]. In contrast, MCF.7 human
breast cancer cells were moderately invasive through
Matrigel in Boyden c¢hamber assays and, although
these celis formed tumaors when injected into the
mammary fat pads of nude mice, the tumor cells did
not invade through the peritoneum |17]. Although
invadopodial protaolysis of extracellular matrix and
invasiveness have been assesscd separately, there has
not been a direct evaluation of the role of invadopa-
dial proteolysis of extracellniar matrix in invasion.
Here we correlate the HBL-100, MCF-7, and MDA-
MB-231 human breast cell lines [or invadopodial
function as determinec by degradation of fluores.
cently labeled or radiolabeled fibronectin and for
invasiveness using type 1 collagen gels. The MMP

2 Clinical & Experimental Metastasis Vol 16 No 0000
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inhibitor batimastat was used to inhibit the function
of invadopodia to therehy investigate the role of
invadopodia in breast cancer cell invasion. We show
that itvadepodial proteolysis of extracellular matrix
facilitates human breast cancer cell invasion and is
mediated by MMPs,

Materials and methods

Cell culture:

Human braust adenccarcinema cell lines MDA-MB-
231, MCP-7, and the normal breast cell hine HBL-
100 were obtained from Aunerican Type Culturc
Collection (RocKville, MD), All cell lines were maine
tzined in Fagle's minimal essential medivm (Gibeo-

BRL, Gajthersburg, MD), supplemenied with 10%
Leat-inactivated (FB§ S; Atlanta Biologicals,
Norcross. GA), 1T Hg/ml bovine insulin (Sigma, St.
Lonis, MQ), 10ug/ml glutamine (Gibcw-BRL,
Gaithersburg, MD), 1% penicillin-streptomycin
{Gibco-BRL) 2 x 10* mM B-cstredio! (Sigme) and
maintained at 37°C in 95% air and 5% CO,. The

FBES used for growing cells was either complet 1
{Pigure 4), depleted of MMPs and (L (Figures
1 and 2A) or depleted of MMPSTTIMPs and

plasmin/plesminogen (Table 1, Figures, 2, 3B and §)
as described helow,

Fluoreszent fibronectin substrates for determining
invadopodial proteolysis of extracellular matrix

This assay relies on growing cells an flucrescein
isothiocyanate-labeled fibroneclin that is covalently
bound fo u glutaraldehvde-crosslinked gelatin film
attached to u glass coverslip. Fluorescence-negative
regions underneath enlls represeat areas where the
extracelluler matrix has been degraded [4,5]. Human
plasma fibronectin  (Becton Dickinson Labware,
Medford, MA} was coupled to fuorcsecin isothio-
cyrnate {(Rexcarch Organics, Cleveland, OH)
according to the manufacturer’s instructicns. The
assays reported here were allowed 1o proceed for 24
or 72k at 37°C in 95% air end 5% CO, prior to fixa-
tion and preparation for fiuorescence microscopy.

Fluerescence microscopy

The cells were fixed, staiped with rthodamine phal-
loidin (Molecular Probes, Inc., Eugene, OR) as
described eerfier (5] Tha cells were observed
using x40, x60 and x 100 objectives of & Nikon
LABOPHQOT imicroscope eguipped [or cpifiuores-
eence photomicroscopy and images were recorded
using Ilford -HPS 400 ASA black and white fim.
To quanufy invadopadial matrix proteolysis, 10 micro-
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20 mM Tris, 0.5 M NaC,

scopic ficlds on each coverslip were randomly selected
and the {lucrescence of the fibrepectin film visualized
with the x 40 objective and scored for the prescnce or
absence of matrix proteclysis as judged by the pros-
ence of focal fluoreseence negative spots m areas
wheie (be matrix was degraded [4.5 8). The resulis are
presented as the average number of fields positive for
mamix degradation ser 10 fields exemined.

L= fibronectin substrates for delermining
invadopodial preteolysis of extracellular matriz
This second invadopodial preteolysis essay utilized
{+*1] dbronectin "as the substrate and -protease-
depleted FBS in the growth medium. The assay
involves: lodination of the fibronectin, coupling the
['1)-fibronectin te orosslinked gelatin filmy. dater.
J'.natwn of {*¥1]-libtonectin bound to e substrate,
sxtensive washing to remove free [#°1]-libronectin,
and dsterminasion of invadopodial proteolysis.

Removal of interfering extracellular matriz-degrad-
ing proteuses from £BS
Gelatin Scpharose chromatography was used (o
remove MMPs and TIMPs from FBS [18,19]. A 10 m!
gelatin-Sepharose (Pharmacia Biotech, Uppsala,
Swedcn) was cquilibrated with the binding bufler
1.0 mm CaCl,, 10% glyeerol
{¥/¥), 0.08% BRIJ-35 (v/v), 0 02% NuN; {viv), pH
7.6, MMPs and TIMPs in TBS (heat inzctivated)
were bound to th2 colump hy loacding the serum
(50 m!) onto the column at 35 mith. The void volume
was discarded, and the flow-through, depleted of
MNiPs and TIMPs but containing the other serum
cumponents, was coliceted and sterile filtered.
Gelatin zymography of hreast cancer call growth
medium made 10% {viv) with respect to FBS
revealed no MMP activity (not shown).

for the batimastat inhibitor studies (patimastat

‘kindly provided by British Biotech Pharmaceuticals,

Lid, Oxford, UK), the FBS was depleted o MMPs,
TIMPs, and the broad specum protease, plasmin/
plasminogen, that is abundant {n serum. MMPs und
TIMDs were reraoved as described and thea lysine
Sepharcse was used to remove the plasmin/plasmino-
gen {20]. A 10ml lysine Sepharase column
(Pharmacta Biotech) was packed and equilibrated
with the same bindng buffer as described above. The
MMP/IIMP-depleted FBS (50 ml) was lozaded onto
the column at 35 mVn. The MMP/TIMP and plas-
minogen/piasinin-deplcted serum in the Aow-through
was collected and sterile filtered. Immunchbliot analy-
sis of breast cancer cell growth medium mads 10%

{v/v) with respect 10 MMP/TIMP and plasminogen!
. plasmin-depleted FBS revealed no plasminogen or

CEM /18 /1D 753/ KELLY

Invadopodial MMPs facilitale invesive behavior

plasmin itamunoreactivity with a goat IgG directed
against bovipe plasminogen (American Diggnostics,
Greenwict, CT) (not shawn).

lodinarion of fibronectin, coupling tc cressiinked
gelatin and determination of cpm [12)-Gbrorzctin
biund to the substrate

Fibronactin {50 pg) was iodinated with 0.5 mCl ['Z]]
asing chloramine T (2 mg/ml) as described [21). [1¥1)-
fhronectin was separated from free (1) by gel Altra-
ticn using =z cxcellulose GS column (Pisrce,
Rockford, IL) that had been cquilibrated in 1 mg/mi
koving serum 2lbomin (BSA) and phosphuic buffered
serum (PBS). An equivalent amount of ['¥[)
fibrencetin in 200 w! was coupled 1o the glutaralde-
hyde crosstinked gelatin film coating 15 —m glass
rouad coverslips as previonusly described for fluores-
cent fibronectin (4,522, The level of [*T}fibronectin
used in independent experiments varied from 2 x 198
cpm 1o 10¥ com. The *V-lsbeled fibronectin was

- allowed 1o bind to the coverslips fo1 at least 12 h. Al

the end of coupling, 1 w! of the coupling Auid was
sounted and the volume ¢ coupling fiuld was mea-
sured to determine the emount of [‘“I]ﬁhmnectin that
did and did not bind to sach coverslip.

The [*Dfibronectin-coupled ¢resslinked gelatin
fims were subjected (o a series of washes designed
to remove any free or waakly beund 731)fidronectin
and te black exposed aldehyde groups. The washes
included 3 m! of the [ollowing solutions: 70%
cthano! (LxSmin, 229, PBS (3x$min, 22°C).
growth medium conlaining 10% MMP/TIMP and
plasminogen/plasmin-depleted FBS (1x3h, 37:C),
PBS (2xSmin, 22°C), ard scrum-free growth
medium (1 x 24 h, 37°C), A sample (10 g1} was taken
to determine the level of [*I|fibronectin in each
wash. The total *I-fibronectin that did not bind
cach coverslip was determined by adding the
radioactivity (cpm) in the unbound fraction to the
sum of the radioactivity {cpm) released by all of the
washas. Then the amount of {'*T]35ronsctin bound
fo each coverslip was determined by sublracting the
1otal unbound rzdieactivity from the radioactiviy

ariginally added to the coverstip.

Determination of invadopodial matrix proteslysis
using immobilized [1&IJfibronectin

Huran bresst cells wers harvested using trypsin-
EDTA, diluted with growth medium containing 19%
protease-deplated FBS and washed threce times with
sterile PBS, Coverstips were placed in the wells of a
6-well culiure plate. Cells (1 x 105) were placed onto
each coversltip in 200 ul of medium and allowed to
attach to the {*®I)fibronactin for 1 h at 37°C. Then

Clinical & bxperimenta) Metsstoxls Vol 16 No 0000 3

VOGBOTYTLIG XYA 6£‘3§T I3n $€ .

S0.90



L0

1. Kelly et al.

2.8 ml of growth medium containing 10% MMP/
TIMP and plasmirogen/plasmin-depleted FBS con-
taining no additives, DMSQ, or 10 ums batimastat in
DMSO was added to achisve a final volume of 3 mi.
The plates were placed back into the incubator and
50 ul aliguots were 1aken from each well under ster-
ile conditions and counted at 3,24.48, 72 and 96 h. At
cach time point, 50 ul of growth media containing 10
% protease-depleted FBS were put back into sach
well to maintain the 3 ml volume of the assay. The
radioactivity of the aliquots was determined with a
Packard gamma counter. v ‘

The iotal amount of 'Y réleased into the media
for each time point was calculated and added to the
sum of the racioactivity in the 50 pi aliquots from
poior titae points. This value was divided by the total
om [BIjSbronectin bound to that coverslip and
multiplied by 100to give the percentage of total
bound 1 released into the media.

Cell viabilities

Tre cytoloxicity of 72 h exposure to hatimastat and
DMSQ was irvestigated by performing trypan blue
exclusion assays as described by others [23).

Gelatin zymography

Gelalin zymography was performed essentially as .

deseribed by Heussen and Dowdle [24] with 1 mg/hn!
gelatin co-polymerized into SDS-PAGE that wis
10% (wiv) with respect o acrylamide.

Conditioned growth medizm
To determine the protease activitics released into the

“medium by human breast cancer cells and to investi-

gate the inhibitory effects of batimastat on these pro-
teases, MDA-MB-231 cells were grown (o high
density (7 % 10° cells/ml) in growth medium contain-
ing 10% {v/v) FBS in 75 cm?® flasks. Complete growth
medium was removed and the cclis washed threz
times with 10 ml sterile PBS. After removing the finzl
wash, the cells were incubated in serum-free minimal
essential media for 48 ki at 37°Cin § % CO, The con-
ditioned medium was colleeted, cells and debris
removed by centrifugation (S000 g, S min), and con.
centrated 10 times using centricon 30 filter concen-
trators (Amicon, fnc., Beverly, MA). The concen-
trated conditioned medium was tssted {or proteases
ir. the prescace or absence of 10 M batimastat by
zymography.

Invasion assay
Tvpe 1 collagen gel invasion assays were performed
in 24-well plates as described by Liebersbauch and

‘Sancerson [25] except that the assays were allowed

4 Chrwal & Experimental Metastasis Vol 16 Ma 0000
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to procced for 72 h. Quaatification of the percentage
of Invading cells was achieved hy first determining
the number oF non-invading cells that could be
removed from the top of the gel with trypsin-EDTA
and iben counting the ipvading cells that were
relcased from within the type I collagen gel by
extensive colagenase digestion as deseribed by
Liebersbach and Sanderson [25]. The leading front
of invasion wss defincd as the point where the two
most distantly migrating breas! cancer ceils were
simultaneously in focus in one field under x200
magnification. After 72h, each gel was scarched in

a Z pattern and the mean distance = standard error -

of the meap was determined using the calibrated
micrometer of a Nikon iaverted phase eontrast
microscope. Within expcriments, duplicate assays
were performed for each cell line and each experi-
ment was repeated at least two times.

Results

Invadopodial extracellular wmatrix degrading activi-
ties of human breast cell lines

The MDA-MB-231 human breast cancer cells are
protcolytically active and degrade extracellular
matrix substrates by an invadopodial-dependent
mechanism [2,9). Other work has shown thal human
breast cancer cell linss differ ip invasive behavior as
determined iz vitro using a Bovden chamber inva-
sion assay with Matrige! as the barricr te invasion

.and the invasivepess observed (n virro corrzlates

closely with iz vivo invasive behavior observed using
tae nude mouse model [17). Thess workers identi-
fied the MDA-MB-231 cell live as one of the mast
invasive. The purposc of this study was 10 determine
the role of invadopodial pruicolysis of extracelluiar
matrix in the invasion process.

The extraccliniar matrix-degrading activity of the
human breast cell lines was investigated by growing
the cells on fizorescently labeled fibronectin that was
covalently coupled to 8 glutaraldehyde-crosslirked
gelatin film, HBL-100 normaf human breast cclls do
not degrade the matrix and the fibronectin substrate
remains intact and uniformiy fluoresceat underneath
the cells (Figurc 1A, B), MCF-7 human breast
cancer cells reveal limited degradation of the fiuo-
rescent-fibronectin film, with onc microscopic fieid
in ten having the spots of decreased fluorcscence
that are indicative of matrix proteolysis (not shown)
The MDA-MB-231 breast cancer cell line reveals
extensive degradation of the fluorescent fibronectin
films. with !ive microscopic fields in ten having

- evidence of matrix degradation (Figure 1C. D).
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Eignve 1. Normal HBLA1GO
human broast ezt do not
dearade Abrorectn  but
nont MODAMB-221 hu-
13ar brosst cancer colis des
syade  fibronsctin,  Normaul
Hpl-100 ¢alls are visuxlized
iy thedartine phalleidin fleo-
fescenste (AL The fibronectin
substrates in the same micre-
seopic field 13 visualized by
fuorescein-fbronectin fus-
resecunie respactively (B
Arrowhends paint 5o idents-
cal Jocations in th: micro-
scopic  fields,  Malignant
VDA-MB-221 human Sreast
zells (C) degrade fibronectin
that is covalenily Huked ta the
substeate (D). Arrowheads
point to identical locations in
the zame microscopic Jeld.
The observed fluorescence-
negative  spots where the
fironectin has been removed
ars characteristic of
invadopodia-modiated prote-
alysts {arrowheads: D). Ceils
were grown on the fibronectin
films tor 72 h. Bar =10 um. -

Tre fact thet MMP-2 and MT1-MMP arc concen-
trated on invadopodia (11,12} led us to investigate the
effect of MMP inhibition on proteolysis of extraceliu-
r matrix by MDA-MB-231 cells. Batimastat (Mr
477) is a broad spectrum MMP inhibitor that mimics
one part of the principle MMP-cleavage site in colla-
gen. Batimastat was used because it has nM 1C50 val-
ues for inhibition of several MMPs including: MMP-1
(interstitial collagenase), MMP-3 (stromelysin),

MMP-2 (gelatinase A), MMP-9 (gelatinase B) and

MMP-7 (matrilysin) [26]. Batimastat alsa blocks the
activation of MMP-2, presumably by inhibition of
MMP-14 (MT1-MMP) [26]. Batimastat does not
inhibit metalloproteinases such as engiotensin-con-
verting enzyme and enkephulinase nor does it inhibit
other proteases impiicaled in turpor cell invasicn such
as plasmin, urokinase-type plasmincgen activator,
and cathepsins {personal communicatios, Peter D.
Brown, Biitish Biotech Fharmaceuticals, Ltd. Oxford,
UK). Other desiradle properties of batimastet include
low cyiotoxicity and a minimal cytostatic effect
i26,27). Morecver, cells treated with batimasstat
exhibit normal migration in chemotactic assays, indi-

zting that the adhesive and motile machinery of cells
is not affected by batimastat [26).

CEM/16/1D 753! KELLY

Invadepodid MMPs facitate invasive behavivre

Batirsastat was used to investigats the cffect of
MMP inbibition on extracsllular malrix proteolysis
by invzdepodia. Batimastat completely inhikited
invadopodial degradatior of fluorescent Sbronectin
flms by MDA-MB-231 breast cancer ¢ells (Figure
2C-F). Invadopedial degradation of extraceliular
matrix was apparent underreath the unireated
MDA-MB-231 cells (Figure 2A, B). Neither the
DMSO vehicic nor batimastat were toxic 10 the cells
during incubation periods up te 72 h or al asy of
the batimastat concentrations used in this study as
judged by trypan biue exclusion assays,

To quantity the extracellular matrix proteolysis,
normal HBL-100 andé malignant MDA-MB-231
breast culls were growr on immobilized [¥51)
fibrenectin and the radioactivity rzleased ‘rom (he
substrate by thz proteolytic action of the cells was
determined. MDA-MB-231 cells rsclease 131-foid
maore ["¥]fibrorestin degradation procuets from the
substrate than HBL-100 cells after 72 b (Figare 3A).
The cffect of the hatimastat on the proteclysis of
extraceliular matrix by the MDA-MB-231 breas: can-
cer cell line was investigated. Batimestat reduced the
release of ["“I}fibroneciin by MDA-MB-231 human
breast cancer cells to below that released by the

Clinivit! & Expermantsl Matastesis Val 16 No 0X0 &
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no-ccli control (Figwre 3B). Thz release of
[#I]abronsctin by MDA-MB.231 cejls was only

slightly reduced by the DMSO vehicic as compared to

sntreatsd cells (Figure 3B, Althongh it was noteyto-
toxic, batimzastal was active as an inhibitor of MMPs.
Batimastat inhibited the 92 and 72kDa gelatinase
activities rsieased into serum-free wedium by MDA-
MB-231 ecils (Figure 3C). The complete iabibiticn of
MDA-MB-231 proteolysis of {131}fibronectin by bati-
mastat suggests that vivtually 2@l of the observed
invadopodial proteclysis of extraccilular matrix by
MDA-MB-231 cells is mediated by MMPs,

Invadopodial exiracellular snat:ix degrading activicy
correfates with invasion paiensial of hurar breast
cell lines

Invasion was evaluzted by seeding the zells on tap
of a native type I coliagen gel and allowing them to
interact with the gel {or 72h (Figure 4). The
percentage of cells that invaded into the type 1
collagen gels afrer 72 h was determined {Figurs 4A).

6 Ciniai & Expesimental Metastasis Vo! 16 No 00K

CEM /18 /1D 753/ KELLY

Figure 2. [edibitior
MDA -MB-23 invauc
Datrix degradstion Ty Bat
mastat. Celis (A, C ¥ &
unde-lying sabstrates (B T,
) in the sam: microsiopi
A4 R CD and B Py ars

ihotomms

gr;\\xmg
Proisoivtie  degradation
duorescent {ibronectin sub-
es aswesatsd with pv.e-
sdetzeledn 4
achis arraws: A and R bt
nsl it ceis weulel with
00 un (€ and DY a0 1.0 2
hatimastet (B apd Fj Thest
substrates had less fuotes
centinfersity than those used!
for Figare 1. Bar = 10 .

The HBL-100 normal human breast cell line is not
invasive in this assay (Figure 4A, H100). The MCF-
7 human breast cancer cell Line is somewhat inva-
sive (Figure 4A, MCF7) znd the MDA-MB-231
human breast cancer call line is the most invasive in
this assay (Figurce 4A, M231),

The degree of invasivencss was alse reflected in
measurements of the Jeading [ront of invasior. The
leading frort of invasion is defined as the deepest
level in the gel where at least two cells are simuita-
neously n focus and is determined at the end of the
experiment using the calibrated fine focus of an
inverted microscope (Figure 4B). The HEL-100
normal human breast cel! line did not ipvade snd the
leading front of cells was 100 pm or approximately
one cell diameter into the gel (Figure 4B, 11100). Ths
human breast cancer cell lines invaded inte type 1
collagen with the leading front of MCF.7 cells
approximatsty six ccll diameters into the gels and the
leading front of MDA-MB-231 cells was 12 cell diam-
“i€rs into the gels (Figure 4B, MCF7 and MZ31).
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Figure 3. Quantification of
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malignant human breast cells. {A)
Malizgnant MDA-MB-231 humun
breast cells (W) release up Lo 11-
fold mory fibronectin into the
media than the sormal HBL-100
human breast cells (@) over 72 h.
Levels  of madivactivity were
determincd  in  two  separaic
experiments. The average of the
(wo determinations after back-
ground subtraction is plotted at
each time point. {B) Inhibition of
MDA-MB-231 human breast can-
cer invadopodiai proteolysis of
matrix by ths metalioprotsirase
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inhihitor batimastat, Batimastal- o
treated {10 pM) MDA-MB-231
hurcan breast cancer cells (-0-)
release less [1251)fibronectin from
the substrats than the no-cel! con-
ol (background  subtracted).
MDA-MB-231 human breast ean- C
cer cells degrada [1251)Gbronectin
in the gbsenze (... S ... ) or
presance of the DMSO (W) vehi.
cle. Results are expressed as per-
centage of substrate released and
pintted (o the average of deter-
minalions made in two scparate
sxperiments, The average of the
two determinations after back-
ground subtraction is plotted for
each time point. {C) Lane 1is a
symogram  showing  gelatinase
activitics at 92 and T2kDa
suereted into serum-frec growth
medium conditioned by MDA-
MB-231 cells Lane 2 is 2 zymo-
gram -of (he samc sample
incubated with 10 pM batimastat
causing loss of the 92 and 72 kDa
gelatinase activitics.

Baiimastat inhibits MDA-MB-231 human breas:
cancer cell invasion into type [ collagen gels

The corrzlation between invadopodial matrix-
degrading activity (Figurcs 1-3) and invasion into
type I collagen gels (Figure 4) suggested that inhi-
tition of invadopodial mairix proteclysis would
decrease invasiveness of the malignunt cells. To
substantiate the observed corrclation, the effeet of
inhibiting invadopodial proteclysis of matrix on
invasiveness was investigated. Batimasfat inhibits
‘nvasion of MDA-MB-231 cells invo typs I enilagen
gels (Figure SA). Batimastat inhihitesd invasion from
2.7-f0ld to 10-fold rclative to the percentage of
invading cells observed 1n conirol cultures growing
in the presence of DMSO (Figure 5A). Malignant

CEM /18 /1D 753 / KELLY
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MDA-MB-231 cells growing in growth medium or
those growing in growth medium with added DMSO
revealed large invading cell populations (Figure SA).
Normal HBL-100 cells had low numbcrs of cells
invading the type I cellagen gels (Figure S).
Batimastat alse reduced the leading front of
invasian observed for MDA-MB-231 human breast
cancer cells (Figure SB). Balimasiat caused the
leading front of iavasion tc be indislinguishzble
from cells at the top of the gel or locuted loss
than half ss deep as that observed for cells grown
without batimastat (Figure 5B). MDA-MD-231
breast cancer cells growing in growth medium,
or in growth medium with added DMSQ revealed

leading fronts of invasion ranging from 9 to 11 cell

Clinies] & Exprritantal Metastosis Vol 18 No 2000 7
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Figure 4, MDA-MB-231 human breast cancer cells invade into type ] collagen gels. (A) Tnvasion of different human
breast cell lines into type [ collager gels, The percentags of cells that invads into type [ ccllagen after 72 h was deter-
mined {or three different human breast ec!l lines. The HBL-100 rormal human breast ceil Fre (H100) is least invasive
with only 12% & 0.1 invading cells, the MCF.7 human treast cancer cell line (MCF7) i3 modezaiely invasive with 58%:=
0.4 invading cells. and the MDA-MB-231 human breast cancer ¢ell line (M231) is most invasive with 10.7% £ 2.7 invadirg
cells, In these experiments, ceils werz grows in medium containing 10% complete FBS. For each ceil ling, ihe bar length
indicates the average value of 16 different determinations obtained in cight separzte experiments. Error bats indicale

% the standard erros of the mean. (B) Depih of the leading front of invasion inte type T collagen gels of different human
treast cell lines, The depth of the izading tront of cells invading into 1ype T collagen gls was determined after 72 h tor
three human breast cell lines, The HBL-107 cells (H1060) invade loast deeply into the type T collagen gels {100 um, £ 5.5),
MCF-7 ¢ells {MCF7) invade 1o 2 moderste depth (667 pm, = 72.7) and MDA.MB-231 celis {M231) invace furihest into
the type I collagen gels (1233 um, £ 88.2). For cach cell line, the bars indicate the avers pe value of 40 determinativns
abtained in the same eighl experiments |cpor1ed in \A\ Error bars 2rz drawn to = the standard error of the mean. (O
MDA-MB-231 human breast canser ccils growing on iop of a type ! colfagen gel. Cells {§ x 107) were secded on top
of the gel and allowed to invade for 72 h. In this pancl, the planc of focus is the top of the gel. (O] Three MDA-MB-
231 cells (arrows) arc shown invading 00 um into the 1ype 1 collagen gel. They were located by f'wcutmg down from
the top of the gel ip the microscopic field shown in (C), The scale bar {100 pm) fer {C) and (D) is shown in (D).

diamcters into the gel (Figure 5B; M231 and  Discusston
M231 + DMSO). Normal HBL-100 cells invaded
approximately 2.5 cell diameters inte-the typz T  Invadopodial proteclysis of extracellular matrix

collagen gels (Figure 5B, HI00). Tegether, these
results indicate that proteolysis of extracel-
fular matrix by invadopodia facilitates human
breast cancer cell invasion and is mediated by
MMPs. -

8  (finieal & Experimontal Mestastatis Vol 16 No 0000
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greatly facilitates invasion by human breast cancer
cells. Two main lines of ecvidence suppost this
conclusion, First. the invasion potential of brzast
cancer cefie is dircetly correlated with the extraces-
lular matzix degrading activity of their invedepedia.
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Figwre 5.  Batimsstat inhibits the A
wmvasive bchavior of MDA-MB8-

231 humanp breast cancer celis. The
percentage  of HIRL100  cells
{H100) acd MDA.MB-231 cells
{M231) invading mto type | colla-
gen gols {A) end the leading front
cf invading cells (B} observed in
two  different expeniments are
shawn (A, B hatched bats = cxper-
iment 1, black bars = experimenl
21, (A) Batimastal inhibits invasion
of MDA-MB-23]1 breast cancer
cells into type 1 coMagen gels.
Batimastat (1.0 uM) inhibited inva-
sion up to 10-fold relative to
DMSO control. Increased batimas-
tat concentrations resultcd in
decreased invasion (expcrimernt 1
{ratched bars): M231 + 0.1 pM Bat
and M231 +10 M Bat, cxperi-
Dent 2 (black bars): M231 + { um
Bat and M237 + 10 pm Bat), The
graphs are the average of two data
peints and the bars indicate the B
range of Lhe detorminations, (B)
Batimastat reduces the distance
traveled into the type Teollzgen get
by ealls at the leading front of jnva-
sion, In experiment 1 (haiched
burs}, the leading front of tavasion
was reduced 2.2-foid by 1.0uMm
batimastat (M23:1 + 10 pM Bat)
ana 2.9-fold by 0.1 w™ balinsastat,
In experiment 2 {black bars),
invading cells were not detected (*)
helow the top of the type } enllagen
batimastat-treated
groups (M231+ 10 pM Bat* and

M23] + 1,0 pm Bai*), The graphs

are averages- of measurements of
the leading front of invasion at five
locations within the gel and bars
represcent 2 standard error of the
mean

For each celi line tested, the relative levei of
invadopodial proteoiysis of extracellular matrix as
measured using fluorescent or radiolabeled fbro-
nectin substrates, positively correlated with each of
two different measurements of invasiveness: (i) the
percentage of ezlls invading into type T collagen gels
and (ji) the distance traveled by cells at the leading
front of invasion. Sccond, treatment of invasive
MDA-MB-231 human breast cancer cells with the
MMP Inhibiter. batimastat, reduced invadapodial
function as assessed by measuring cell-mediated
proteolysis of immobilized fibtonectin. Batimastat
also reduced MDA-MB-221 ceil invasion into type
T collzgen gels as reflected by the reduced percent-
ages ol invading cells and shorter distances invaded
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into the gels rejative to untreated ccils, Batimastat
iphibition of invadopodial matrix preteolysis and
invasion is 2pparently due 1o its inhibition of MMP
proteclytic activities because batimastat effestively
inhibited two gelatinase activities at 92 and 72kDa
that were secrcted bty the MDA-MB-23) cells.
However, batimastat did not affect cell viability. The
low cytotoxicity of batimastat and MMP inhibition
by hatimastat over the range of concentrations used
in this study (0.1-10 wm) has also been observed for
buman MDA-MB-425 breast cancer cells [28). Tre
results presented here confitm separate obssrvations
regarding zither invadopodial proteolysis or invasion
of humap breast cancer cel's reported by others

-[837). This study strenghens. the linkage of

Clinical & Experimental Metswsix Vol 16 Ne (000 9
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invadopodial proteolysis of extraceliular matrix 1o
the invasior: process because hoth parameters were
observed and manipulated in the same study,
MMPs play a critical role in mediating the
invadopodizi proteolysis of extraceliular matrix that
fecilitates tumor cell invasion, This is cvidenced by
the effectiveness of the MMP inhibitor balimastat in
simultancously reducing invadopodial proteolytic
activity and invasiveness of malignant breast cells, A
number of MMPs have been implicated in having a
role in pruteolysis of extracellulur matrix by human
breast cancers inciuding: MMP-2 (gelatinase A) [23,
30}, MMP-9 (gelatinase B) [2, 31, 32}, MMP-11
{stromelysin-3) [33], an 80 kDa MMP [34] and MMP-
14 (MT1-MMP) [35]. Batimastat inhibition of MMPs
bas been cffective in reducing the growth and spread
of mammary tumors in animal models {28, 36).
Moreover, batimastat and a more hio-available
derivative of batimastat called marimastat (BB-2516)
are being evaluated in clinical trials for use as an anti-
tumor therapeutics [37, 38]. Ths devclopment of
MMP inhibitors for use in anti-tumor therapiss con-
tinues to be a promising area of research [26].
Although there iy mounting evidence that MMPs
have a critical role in tumor cell invasion into the
complex basement membrane and stromal matrices
within living organisms, the evidencc also suggests
that ceordinated activity of other proteases and
giycosidases in eddition to MMPy is needed to effi-
ciently degrade the matrix and eaable invasion [1).
This stedy was primarily focused on the role of
MMPs in brzast cancer cell invasion because the gel
substrate uscd, triple helical tvpe I collagen, is resie-
tant o proteolytic clecavage by other classes of
proteascs [2). However, an in vitro study showed that
in the prescnce of serum, batimastat only inhibited
MDA-MB-231 proteolysis of human endothelial
basement membranes by 30%. Aa additional 30-40
% inhibition of basement membrane degradation
was achieved when batimastat was used in combi-
nation with inhibitors of urokinase-type plas-
minogen activators {39). There is an apparcent need
for other ciasses of proteases for tumor cells to cffi-
ciently degrade complex extraceliular matrices.
Elucidation of the mechanisms that concentrate
MMPs and other extraccllular matrix-degrading
proteases to invadopodia may lead to new malignant
cell diagnostics and strategies (o inhibit their inva.
sion. MMP-2 and other matrix-degrading proteases
arc not restricted to invadopodia. MMP-2 is secreted
as a soluble enzyme that can be found within the
cytoplasm of cells and embedded in the extracellular
matrix as well as on invadopodia. The intepral
membrane MMP, MT1-MMP, has been identified as

30 Clinical & Pxperimentn] Metastasis Vol 16 No 0000
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an activator of latent MMP-2 and proposed to serve
as a cell surface reccptor for MMP-2 [40]. In addi-
tion, the a B, integrin has also heen shown to serve
as a cell surface veceptor for MMP-2 [41), MT-
MMPs, integrins or both of these malecules muy
have a role in concentrating MMP-2 (o invadopo-
dial memYranes of human breast cancer cells. It has
been shown that MTI-MMP must be localized
invadopodia (o stimulate the local degradation of
extracellular  matrix that is  characteristic  of
invadopodia and that its cytoplusmic domain has a
role in directing MT1-MMP 1o invadopodial
membranes [12]. Another mechanism for recruit-
ment of aclive proteases to invadopodial membranes
could invelve directed oligomerization of the
subunits of integral membrane proteases such as
seprase, fibroblast activation protein-a, dipeptidyl
peptidase IV, and meprin [3]. This directed
oligomerization might occur iz response to signaling
through integrins [42]. Perturbing the recruitment
and asscmbly of proieases on the invadopodial
surface might effectively reduace invadopodial prote-
olysis of extraceilular matrix and limit invasior.
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Abstract

Seprase is a serine protease that is integral to the plasma membrane and is
overexpressed by invasive tumor cells (Pifieiro-Sanchez et al, 1997, J. Bidl. Chem.
272:7595; Monsky et al, 1994, Cancer Res. 54:5702). Seprase activity is most often
assessed by zymography, which is not a quantitative assay. This study establishes a
relatively simple and qu.antitative method for determining seprase activity. The
degradation of a ®H-gelatin substrate is measured in the presence of 5 mM EDTA which
inhibits matrix metalloproteinases but not seprase. The quantitative character of the
assay was demonstrated using partially purified seprase from chicken embryos, a
preparation that lacks detectable matrix metalloproteinase activity. In this assay,
release of *H-gelatin fragments is linear over time for 1.5 pg/assay seprase
concentration as well as for preparations concentrated or diluted by five fold (7.5
Hg/assay and 0.3 ug/assay respectively). Additional experiments were performed to
validate the quantification of seprase a'ctivityl/ using the radiographic assay by comparing
the results to zymography. Exposure to 22 or 37° C results in maximal seprase activity
while exposure to 80 or 100° C completely abolishes seprase activity in both
zymography and the radiographic assay. Exposure to 60° C abolished seprase activity
as judged by zymography, but about 50 % gelatinase activity was observed using the
*H-gelatin substrate. Immunopreciptiation with seprase-specific antibody speciﬁcall_y
removed seprase and lowered the seprase activity remaining in the extracts as judged
by both assays. Investigation of the seprase that was partially purified from human
breaét cancer tissue revealed that its-specific activity (cpm gelatin fragments released /-

{mg profein x h}) is five times greater than that of seprase purified from chicken
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embryos. This assay will be useful for determining the seprase activity in extracts of

tumor tissues and cells as well as for identifying inhibitors of seprase.

Keywords: Breast cancer, gelatinase, matrix metalloproteinase, extracellular matrix,

invasion
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Introduction

Seprase was first identified as a 170 kDa gelatinase activity in detergent extracts
of the human melahoma cell line LOX (1) and then as a 160 kDa gelatinase activity in
detergent extracts of Rous sarcoma virus transformed, chicken embryo fibroblasts (2).
Because seprase partitions to the detergent phase of Triton X-114 extracts, it was
determined that seprase is an integral membrane protease (1, 2). The gelatinase
activfty of seprase was shown to be sensitive to heat, acid pH, phenyl methyl sulfonyl
fluoride (PMSF) and N-methyl maleimide (NEM) but insensitive to B-mercaptoethanol,
dithiothreitol, EDTA, 1,10 phenanthroline, pepstatin, and leupeptin; suggesting that
seprase is a serine or cysteine protease (1, 2). The 170 kDa active enzyme is a
complex of two identical 97 kDa subunits (3, 4). The molecular cloning and analysis of
a cDNA encoding the human melanoma 97 kDa seprase subunit protein indicate that it
is a type ll transmembrane serine protease with the catalytic triad amino acid residues
(S, D, H) arranged in the non-classical orientation (4, 5). Interestingly, the seprase
subunit protein is proteolytically inactive despite the fact that it includes the entire
catalytic doméin. Seprase, apparently, requires oligomerization into dimers for
proteolytic activity (4, 6). Inactivation of the seprase proteolytic activity is caused by
agents that dissociate the subunit proteins such as acid pH, heat, and alkylating agents
including diethyl pyrocarbonate (DEPC) and NEM, as well as by agents that modify the
catalytic site, serine, sﬁch as PMSF and diisopropyl fluorophosphate (DFP) (4).

Seprase is thought to have a role in facilitating tumor cell invasion and
metastas'is‘(ﬂ:; 6).. Several observations support this-hypothesis. First; seprase ..

degrades extracellular matrix and is overexpressed by invasive tumor cells. For
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example, high levels of seprase activity were detected in extracts of the highly invasive
human melanoma cell line LOX , but seprase activity was not detected in extracts of 32
other tumor cell lines that were not invasive in in vitro assays (1). Seprase over-
expression by invasive tumor cells has also been observed in pathologic specimens of
human breast cancer tissue by immunohistochemistry (7). Second, seprase is
localized on the plasma membrane where it could interact with extracellular matrix
substrates, and it is concentrated on invadopodia, specialized protrusions of the plasma
membrane that cause proteolysis of extracellular matrix (2, 3). Thirdly, a positive .
correlation between the level of seprase expression and invasive behavior of LOX
human melanoma cells has been observed (3). Although overexpression of seprase is
apparently an important feature of the invasive phenotype, methods for determining
seprase activity are not well developed.

Seprase in extracts of cells and tissues has been analyzed by immunoblotting
and gelatin zymography, techniques that are difficult to quantify and may not give
accurate indications of the level of seprase activity. In addition, immunoblot analysis
measures the level of 170 kDa and 97 kDa proteins independent of their proteolytic

-activities. Zymography is not generally used for quantification of proteolytic activity due
to the saturation of thé signal that occurs. Zymography and immunoblotting allow
identification of seprase in crude extracts but require solubilization of the extract
proteins in SDS follbwed by SDS-PAGE. These treatments can change the apparent
activity of proteases (8). It is conceivable that zymography could reduce the apparent
seprase activity by causing dissociation of some assembled dimers into inactive

monomers.
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This study was performed to establish a quantitative assay for the proteolytic
activity of seprase in extract samples. A seprase activity assay was developed that is
based on established procedures for measuring the gelatinase activities of MMPs (9).
A *H-gelatin substrate was used in conjunction with buffers that included EDTA to
promote sebrase activity while inhibiting the activities of MMPs. The assay is shown to
be linear over several concentrations of seprase. This assay will be useful for
determinations of the net seprase activity in relatively crude extracts as well as for direct

determinations of the activity of purified seprase.
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Materials and Methods
Sources of seprase

The partial purification of seprase has been described (7) and is based on
published methods (1, 4). Briefly, nine day old chicken embryos were rinsed 3 times
with cold PBS, and used immediately or stored at -80° C. The embryos were
homogenized and peripheral membrane proteins were removed by sequential
extractions. The homogenate was extracted at 37° C with 10 volumes of 10 mM Tris, 5
mM EDTA, pH 7.6. The insoluble-material was collected by centrifugation at 10,000 x g
and extracted with 10 mM Tris-HCI, 0.6 M NaCl, 5 mM EDTA, pH 7.6 for 1 hat 4° C.
The insoluble material was collected and extracted with 2.6 % Triton X-114, 10 mM
Tris-HCI, 5 mM EDTA, pH 7.6. The soluble material was collected by ‘centrifugation as
described above and the detergent extract supernatant was recovered.

The detergent extract was phase partitioned (10), and the detergent phase was
separated from the aqueous phase by centrifugation. The detergent phase was diluted
and loaded at 70 ml/h onto an 80 ml DEAE-ceIIquse column (Whatman DE52,
Whatman Labsales, Hillsboro, OR) equiiibrated in 0.5 % Triton X-100, 5 mM EDTA, 10
mM Tris-HCI, pH 7.5. The column was washed and then eluted with a continuous 0 to
400 mM NaCl gradient in the equilibration buffer. Fractions with seprase activity were
identified by zymography and pooled for purification by WGA agarose. - Purification of
seprase from 11.5 g of human breast tumor tissue was performed as described for
chicken embryo seprase, except that the DEAE cellulose column was omitted.

- ~Zymography: Zymography was performed essentially as described by Heussen
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& Dowdle (11) with 1 mg/ml gelatin copolymerized into 10 % SDS polyacrylamide gel.

Gelatinase activity assay: Gelatin (100 mg, type A porcinevskin, 300 bloom,
Sigma, St. Louis, MO) in 10 ml borate buffer, pH 9.5 was labeled with 1 mCi *H-acetic
anhydride (12). The *H-gelatin in the radiolabeled stock solution was separated from
free isotope by gel filtration over an 80 ml Sephadex G-150 column at 22° C. A broad
peak of labeled gelatin began eluting immediately after the void volume and was well
sepafated from the sharp peak of unbound isotope. The *H-gelatin was mixed 1:2 with
neutralized, acid soluble type | collagen (1 mg/ml, Sigma, St. Louis, MO) in 50 mM Tris-
HCI, pH 7.6, 5 mM EDTA. The collagen was denatured by heating at 55° C for 30 min.

The gelatinase activity of seprase was determined using a modification of the
assay of Stetler-Stevenson and co-workers (9). Reactions to determine the gelatinase
activity of seprase were performed in triplicate in the wells of a 96 well microtiter plate
with 13 pl seprase-containing fractions; 13 pl of ®*H-gelatin substrate, and 47 pl of the
reaction buffer: 0.1 % Triton X-100, 50 mM Tris-HCI, 5 mM EDTA, pH 7.6. Sémples to
determine the background cpm were prepared by mixing 60 pi of reaction buffer and 13
Hl substrate then precipitating the undigested gelatiri with 20 ul TCA/TA on ice.
Samples to determine the total counts were prepared by mixing 13 ul substrate, with 80
I of reaction buffer but no TCA/TA was added to these samples. Experimental
reactions were stopped at various time points and the undigested substrate precipitated
by addition of 20 ul 10 % trichloro acetic acid, 5 % tannic acid (TCA/TA). Reactions
were precipitated for 1 h on ice and then the precipitates were cleared by a 10 min,
~1200 x g centrifugation at 4° C:in a Beckman:TJ-6 refrigerated table top centrifuge and-. =

a TH-4 rotor. Samples (60 pl) were mixed vigorously in 4.5 ml of Ecolurhe scintillant
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(ICN Pharmaceuticals Inc., Costa Mesa, CA) and counted with a Packard 1600 TR
liquid scintillation counter.

To determine if the assay was linear over several concentrations, seprase
enriched fractions were concentrated 5 fold to 0.58 mg/ml using centricon 30 filter
concentrators (Amicon, Inc, Beverly, MA) and then used as is, diluted to the original
concentration, or diluted to 1/5 the original concentration with reaction buffer.

Determination of fold purification: The activity for each fraction was
determined using the *H gelatin substrate and the gelatinase activity assay described.
above. The cpm of TCA/TA-soluble *H gelatin liberated per mg protein was determined
in triplicate at 1, 5, 10, 24, and 30 h for each fraction, and the average of these
determinations was plotted. A line was drawn to pass throdgh the origin and use all
available data by first order (Iineaf) regression, as calculated by Jandel Sigma Plot for
Windows (SPSS, Inc., Chicago, IL). For each fraction, the slope of the “cpm/mg”
versus “time” line is equal to the specific activity of the seprase in the sample, and was
used to determine the fold purification. Ac;tivity determinations have been performed on
3 other seprase preparations with similar results.

Immunoprec.ipitations: A rat polyclonal antiserum was elicited against affinity
purified chicken embryo seprase as described earlier (7). Immunoprecipitations were
performed using 15 ul rat serum directed against the 97 kDa protein or 15 pl of
préimmune serum from the same rat, 200 pl protein A agarose (Pierce, Rockford, IL),
and 200 pl of WGA-purified chicken embryo seprase. The subtraction of seprase was

determined by gelatin zymography. Immunoprecipitations were also performed to -
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measure the effect of removing seprase activity on the gelatinase activity of partially
purified seprase preprarations. These precipitations were performed by coating 100 pl
of protein A beads with 30 pl or 60 p! of antiserum, washing away unbound proteins,
and then exposing the antibody-coated protein A agarose to 200 pyl WGA-purified
chicken embryo 160 kDa protein. The gelatinase activity present in the fraction that
was not bound to the antibody-coated beads was measured by soluble gelatinase
activity assay described above. The gelatinase activities of the purified seprase
preparation used for these experiments and of the fraction not bound by protein-A
beads coated with nonimmune rat antiserum were also determined.

Protein determinations were performed using the bicinchoninic acid assay and
bovine serum albumin dissolved in Tris-HCI, pH 6.8, 1 % (w/v) SDS as the standard

protein (Pierce, Rockford, IL).




Seprase activity 11

Results

A source of seprase was needed to enable development of a quantitative assay
for seprase activity. Chicken embryo seprase was partially purified and used to |
establish a gelatinase activity assay with a *H-gelatin substrate. The partial purification
procedure was developed from previously published methods for purifying human
melanoma éell seprase (1, 4). A series of extractions removes many peripheral
membrane proteins and then the seprase is solubilized with Triton X-114 énd EDTA.
Seprase activity partitions exclusively to the detergent phase and is further purified
using DEAE-cellulose and WGA-agarose. Gelatin zymography reveals that the
resulting preparation has high 160 kDa seprase activity but no detectable MMP activity
(Fig. 1). Specifically, the 70 kDa chicken homolog of MMP-2 is not detected in the
partially purified seprase preparations (Fig. 1). Proteolysis of a *H-gelatin substrate by
this preparation was investigated by incubating the seprase and the *H-gelatin over time
and then using TCA/TA to precipitate the undigested substrate at different time points.
Measurement of the TCA/TA-soluble, radiolabeled gelatin degradation products at
various time for several different levels of the same fraction of partially purified seprase-
protein (7.5 pg, 1.5 ug, and 0.3 pg) over 5 h reveals that the observed gelatinase
activity increases with increasing concentrations of seprase (Fig. 2A). Plotting the
slopes of this data (cpm/h) versus protein concentration reveals that these samples are
within the Iineaf range of the assay (not shown). Investigation of samples from different

steps in the seprase enrichment procedure reveals a close correspondence between

- the' increasing purification of seprase and-increasing gelatinase activity (Fig.2B).~ -~ - -

Moreover, these experiments were conducted over 30 hours and the assay remained
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linear over this time frame (2B). The gelatinase activity assay reveals a 21.8 fold
enrichment of the seprase activity by the purification procedure (Table 1).

Investigation of the temperature sensitivity of chicken embryo seprase réveals
that seprase activity is not affected by 15 min preincubation at 22 or 37° C, because |
maximal activity is observed by both gelatinase activity assay (Fig. 2C) and zymography
(Fig. 2D). However, a 15 min preincubation of the seprase at 80 or 100° C inactivates
- the seprase and no activity is observed in either assay (Fig. 2C & D). Preincubation of
the seprase at 60° C partially inactivates the seprase as judged by gelatinase activity
assay}(Fig. 2C) but completely inactivates seprase as judged by zymography (Fig. 2D).
Thus, the loss of seprase activity by heating is detected as a reduction in gelatinase
activity by both assays.

An antiserum that recognizes both active 160 kDa chicken embryo seprase (Fig.
3A, Active) and the proteolytically inactive 97 kDa subunit of chicken embryo seprase
(Fig. 3A, Inactive) was used to immunoprecipitate seprase. Immunoprecipitation with
the seprase specific antibody removes much of the seprase and causes a
corresponding drop in the seprasé activity that remains in the extract. This specific
reduction in seprase activity is detected by both zymography (Fig. 3B).énd gelatinase
activity assays (Fig. 3C). The antibody to seprase removes up to 50 % of the seprase
activity from the unbound fraction (Fig. 3C, plot D) relative to the unbound fraction of
control precipitates (Fig. 3C, plot B).

Seprase was also partially purified from human breast tumors (11.5 g) using the

procedure described above for partial purification of chicken embryo-seprase, except -

that the DEAE cellulose column was omitted. These preparations reveal a 170 kDa
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gelatinase activity that is seprase because: i) the gelatinase is active in the presence of
EDTA which inhibits MMPs, ii) the gelatinase activity requires detergent for
solubilization and partitions to the.detergent phase of Triton X-114 extracts (Fig. 4), and
i) the gelatinase binds to WGA. Seprase was the only gelatinase activity detected by
zymography in these samples (Fig. 4). The gelatinase activity assay revealed that
human breast cancer seprasé is purified 21 fold by this procedure (Table 2). Moreover,
breast cancer seprése is 5 times more active than chicken embryo seprase when the
specific activities (cpm gelatin released/{mg protein x h}) of seprase from the two

sources are compared (Tables 1 & 2).
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Discussion
Seprase activity in extracts can be measured using a *H-gelatin substrate. This
conclusion is supported by the close correlation of the relative seprase gelatinase
activities in different samples as judged separately by the gelatinase activity assay and
zymography. Specifically, loss or reduction of seprase activity by heating or
immunoprecipitation resulted in corresponding losses or reductions in the observed
seprasekband of activity on zymograms and amount of soluble radiolabeled gelatin
fragments. Concentrating or enriching seprase activity resulted in corresponding
increases in seprase activity in both assays. One difference between zymography and
the seprase activity assay was that after heating to 60° C seprase activity was observed
inthe gelatinase activity but not by zymography. This result likely reflects. the re-
naturation and re-association of a fraction of the seprase subunit proteins during the
gelatinase activity assay. In zymography, such reassociation of seprase subunits
probably would not occur due to SDS in the gel sample buffer binding to dissociated
seprase subunits and the subsequent separation of the proteins by SDS-PAGE. The
gelatinase activity assay allows the amount of apparent seprase activity to be
determined relative to extract protein. In this way, the apparent épeciﬁc activity of
- seprase was observed to be 5 times greater in extracts of human breast cancer tissue
than in chicken embryo e'xtractsf This finding is cqnsistent with the overexpression of
seprase in breast cancer tissues observed by immunohistochemistry (7) and suggests
that breast cancer tissue has a high level of fully assembled, active seprase. Itis also
consistent with the differential expression of seprasein chi‘cken‘tembryonic:tissues ERET

because the initial extract includes proteins from the entire embryo where some tissues
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have detectable seprase activity and others do not (Kaushal, V.; Goldstein, L. A.; Chen,
W.-T. and Kelly, T. manuscript in preparation). However, the possibility that the breast
cancer extracts contain additional proteases that are not detected by zymography or
reduced inhibitors of these proteases can not be completely ruled out.

Determination of seprase activity in extracts at physiologic pH and salt
concentrations affords a means to investigate seprase activity under conditions that
more closely resemble those found in vivo. Quantitative comparisons of activity can be
made between different samples with the determinations focused on the active enzyme
and not the level of inactive subunit proteins. The technique will be useful for
measuring the level of seprase activity of cells that overexpress seprase as part of
pathologic processes or because they have been genetically engineered for seprase
overexpression. Thé seprase activity assay may be particularly useful for identification
of molecules that inhibit seprase activity. Antibodies and other non-toxic inhibitors of
seprase will be valuable for clarifying the role of seprase in tumor cell invasion and may

ultimately have clinical utility.
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F‘igvure Legends
Figure 1. Partial purification of seprase from chicken embryos.

A) The upper flow-chart dutlines the purification procedures. The middle panels
show the seprase activity in different fréctions of chicken embryo seprase purification
as detected by gelatin zymography. Seprase activity is extracted by 2.6 % Triton X-114
(Total detergent extract) and partitions strictly to the detergent phase (Detergent). The
detergent phase Was loaded onto a DEAE cellulose column. Seprase bound to the
column and the majority of the activity eluted between 0.1 M NaCl and 0.25 M NacCl
(DEAE column). This fraction was loaded onto a wheat germ agglutinin column. The
seprase bound to the column, indicating that it is a glycoprotein, and was eluted with 10
% (w/V) n-acetyl glucosamine (WGA cblumn upper and lower panels).- Molecular weight
markers are given on the right x i0'3.

B) The panel on the left is an SDS-PAGE of the proteins in chicken embryo
seprase that was partially purified as déscribed above. The panel on the rightis a
gelatin zymogram of this same sample. Both gel and zymogram were stained with
Coomassie Brilliant Blue R-250. Stained proteins are detected at 190 kDa and 160 kDa
that commigrate with the gelatinase activity. Molecular weights are given on the right x

107,

Fighre 2. Quantification of the gelatinase activity of seprase
A) The seprase activity assay is linear over a 5 h time period using a *H-gelatin

~ substrate and three concentrations of the same partially purified chicken embryo
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seprase fraction: 7.5 ug (@), 1.5 ug (W) and 0.3 ug (A). The TCA/T. A-Soluble *H-gelatin
proteolyltic fragments were determined (CPM) over five hours (Time (h)). Gelatinase
activity increases with ihcreasing concentration of seprase. Assays were performed in
triplicate in the presence of 5 mM EDTA, 0.1 % Triton X-100 and each point is the
average of 3 assays after background subtraction. For each plot, the solid line
represents the first order regression of the data.

B) Fractions from the puriﬁcation of chicken embryo seprase were analyzed by
gelatinase assay to determine the substrate hydrolyzed per mg of protein (CPM/mg)
over time (h). The plots are the first order regressions for: the initial low ionic strength

~extraction (V¥); total detergent extract (#); detergent phase (M), DEAE pooled fractions
(A), and WGA pooled fractiohs (@). Observed gelatinase activities increase with
increasing seprase purity. Assays were performed in triplicate in the presence of 5 mM
EDTA, 0.1 % Triton X-100 énd each point is the average of 3 assays after background
subtraction.

C) Chicken embryo seprase (7.5 pg) was maintained at temperatures of 22, 37,
60, 80, or 100° C for 15 min and then used for gelatinase assay. Seprase was not
affected by incubation at 22 (@) or 37° C (M), as the observed gelatinaée activities are
identical (ﬁrsf order regression for both sets of data results in superimposed lines).
Gelatinase activity was significantly reduced by treatment at 60° C (A), and destroyed
by 80 (V) or 100° C (). Assays were performed in triplicate in the presence of 5 mM
EDTA, 0.1 % Triton X-100 and each point is the average of 3 assays after background

subtraction. "=
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D) By gelatin zymography, seprase activity is detected only in samples treated
with 22 and 37° C. The activity is lost in samples exposed to 60, 80 and 100° C.

Molecular weight is given x 10

Figure 3. The gelatinase activity assay determines specific reductions in seprase
activity.

A) Immunoblot analysis of WGA-purified chicken embryo seprase. A
polyclonal antibody to seprase recognizes the 160 kDa active seprase dimer together
with a low level of a 97 kDa subunit protein (Active). Boiling this sample prior to
electrophoresis results in loss of the 160 kDa protein and increased 97 kDa protein
(Inactive).

B) Immunoprecipitation of the seprase-gelatinase activity as determined by
zymography. Gelatin zymogram showing that chicken embryo seprase activity (white
band at 160 kDa, both panels) in the original extract (Load lanes, both panels) is not
significantly reduced by immunoprecipitation with preimmune serum (Preimlene/Not
Bound). However much of the seprase activity is removed by immunoprecipitation with
the antibody against seprase because much less activity is present in the unbound
supernatant ffaction (Not Bound/Anti-seprase) relative to that in the initial extract
. (Load/Anti-seprase).. Molecular weights are giVen x 10,

C) Immunoprecipitation of seprase-gelatinase activity as determined by an
activity assay using a *H-gelatin substrate. Gelatinase activity in a seprase

preparation used for immunoprecipitation experiments (A). Non-immune rat IgG did not
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precipitate seprase activity and the activity remaining in the unbound fraction (B) is only
slightly reduced relative to that in the initial extract. Seprase activity was specifically
removed from the extract by immunoprecipitation with 30 ul (C) or 60 ul (D) rat
polyclonal antibody against seprase, resulting in a reduction in the gelatinase activity
remaining in the extract relative to the initial extract. Two separate experiments are
shown (Black & Hatched bars) with bar height indicating the average of the three

determinations. Error bars are drawn to the standard error of the mean.

Figure 4. Seprase activity is present in extracts of malignant human breast
tumors. Seprase was enriched in the detergent phase of Triton X-114 extracts of
human tumors that were evaluated by pathologists to be infiltrating ductal.carcinomas
of the breast. Seprase activity at 170 kDa and smearing to 205 kDa is apparent in this

fraction as judged by zymography. Molecular weight markers are given x 10




Table 1. Enrichment of chicken embryo seprase

429.4 g chicken embryos

Seprase activity

Fraction Units activity Fold Purification Protein
(cpm/{mg x h}) (mg)
Initial Extract 263.9 - 7,238
TX-114 Extract 265.7 1.0 617.5
Detergent phase 3281 1.2 328.9
DE-52 3,467.9 13.1 14.8
WGA 5,742.9 21.8 5.8
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Table 2. Enrichment of human breast cancer seprase

11.5 g human breast cancer tumor

Fraction Units Activity Fold Purification Protein
(cpm/{mg x h}) (mg)

Initial Extract 1,852 - 61.08

WGA 38,680 21 0.155
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Center (DTIC-OCA), 8725 John J. Kingman Road, Fort Belvoir,
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SUBJECT: Request Change in Distribution Statement
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